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General Introduction
General introduction
Flower bulbs are very characteristic for the Netherlands. About 75 % of the total 
world production takes place in the Netherlands. In 2002, an estimated 10 billion flower 
bulbs were produced. These bulbs are sold on two main markets: the forcing market, where 
bulbs are used for the production of cut flowers or pot plants, and the dry sales market, 
aimed at individual consumers who plant the bulbs in gardens or parks. More than 75 % of 
the Dutch flower bulbs is exported with a total export value of about 650 million Euro.
Lily is one of the main bulb crops in the Netherlands. The area planted with lilies has 
increased enormously from 460 hectares in 1960 to 4200 hectares at this moment. Lily has 
become a very popular cut flower throughout the world and it covers about 25 % of the total 
export value of flower bulbs (Int. Flower Bulb Centre, 2002).
As can be expected from these data, lily breeding predominantly occurs in the 
Netherlands. Breeding of lily is aimed at the production of cultivars with new forms and 
colors. Another important breeding goal is production of cultivars that are resistant to pests 
and diseases and that can be grown with a reduced use of agrochemicals. Breeding is a 
lengthy process and introduction of a newly bred lily cultivar on the market used to take up 
to 15 years. First, selection of the best clone takes several years: from seed to flowering 
plant takes about three years so that the first selection for flower properties is only possible 
several years after the crosses have been made. Then, several years are needed to test for 
quantitative properties like yield or resistance to diseases. After selection of the best clone, 
production of sufficient numbers of bulbs takes several years due to the low speed of the 
available vegetative propagation methods: natural propagation or (artificial) 'scaling'. 
Micropropagation considerably shortens this propagation period and is used in most 
breeding programs nowadays. In vitro, starting with one bulb, it is possible to produce a 
large number of genetically identical bulblets in a short time. Due to the high propagation 
rates in vitro, newly bred cultivars can be introduced on the market within a few years (7-8) 
and tissue culture thus plays an essential role in the rapid expansion of the lily assortment 
visible nowadays. The use of micropropagation is limited to the very first propagation cycles 
in a breeding program due to the high costs of the cultivation in vitro. After that, bulblets are 
propagated using the cheaper 'traditional' methods.
Thus, for successful micropropagation, high propagation rates are essential and the 
bulblets should develop fast after planting in soil. After tissue culture, a number of growth 
seasons is needed before the bulbs are large enough for sale. Only sufficiently large bulbs
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will form high-quality flowers. From a commercial point of view, the number of growth cycles 
should be as low as possible.
Performance after planting depends on the physiology of the bulblets at the time of 
planting. Obviously, these physiological characteristics have been formed during the culture 
in vitro. Three main factors are relevant: bulblet weight, ontogenetic age (maturation) and 
dormancy status. It is desirable to produce large bulblets in vitro as they show a larger 
increase in fresh weight per bulblet after planting than small ones (Langens-Gerrits et al. 
1997). Also, rapidly growing bulblets in vitro can be used for the next propagation cycle 
faster than slower growing bulblets. During regeneration in vitro, dormancy development 
takes place (Aguettaz et al. 1990, Delvallee et al. 1990). This is a disadvantage as 
dormancy interrupts bulb growth after planting. On the other hand, dormancy is desirable to 
prevent precocious sprouting in vitro. After planting however, the bulblets should sprout 
quickly and uniformly. The dormancy should thus not be too deep.
In previous studies on the in vitro phase of lily propagation, emphasis has been on 
the starting material and the effect of culture conditions such as the medium components or 
temperature and light (Van Aartrijk et al. 1989), but not much is known about the factors that 
regulate bulb growth after planting in soil. The research presented in this thesis focuses on 
the reduction of the propagation phase and the main factors studied are rapid growth after 
the in vitro phase and rapid maturation during the in vitro development. The main factors 
that influence growth of tissue-cultured bulblets after planting were identified and 
possibilities to produce large bulblets in vitro that sprout quickly and uniformly after planting, 
and increase rapidly in size so that high-quality flowers are formed in as few cycles as 
possible after the tissue culture phase were investigated.
Propagation of lily
A lily bulb consists of a compressed stem, to which swollen petioles, the scales, are 
attached. Under natural conditions, bulbs form usually one daughter bulb at the basis of the 
stem. Vegetative propagation may occur by formation of new bulblets from axillary buds, 
either in the soil or aboveground (Miller 1993, Beattie and White 1993). When lilies are 
propagated by 'scaling', individual complete scales are cultured in moist vermiculite or in soil 
and at the wounded surface new bulblets regenerate. Per scale, one to three new bulblets 
are formed. In this way, from one large bulb, 50 - 250 bulbs are produced in a year. These 
bulbs are in general sufficiently large for a next cycle of scaling after another growing 
season.
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For micropropagation, small segments cut from the bulb scales are used as starting 
material (Langens-Gerrits and De Klerk 1998). On the segments, bulblets regenerate and 
after 8 - 10 weeks these bulblets can be used for further propagation. Individual scales of 
the bulblets, or parts thereof, are used as explant for the next propagation cycle and a cycle 
can be repeated every 8 - 10 weeks. In bulblets, the primordium, located in the center of the 
bulb, splits off petioles with or without leaf blades. The petioles develop into scales. The high 
propagation rates in vitro are due to the fact that per initial bulb scale a high number of 
bulblets is formed as several segments can be cut from one scale. Furthermore, very small 
bulblets can be used for a next propagation cycle and there is no need for an intermediate 
long culture period to obtain large bulblets. Using tissue culture, from one large bulb, about 
one million small bulblets can be obtained in 2 years.
Maturation
During regeneration in vitro, bulblets mature. Maturation is the development from the 
juvenile to the adult phase. Juvenile lily bulblets cannot be induced to flower and they sprout 
with one or a few leaves after planting, comparable to the growth of a rosette plant. After 
planting in soil, juvenile bulblets do not propagate but grow to a bigger size by formation of 
new scales from the leaf petioles and scale primordia later in the season. Adult bulblets 
sprout with a stem with stretched internodes and many leaves. Bulblets regenerating in vitro 
on scale segments may undergo the phase change from juvenile to adult in tissue culture 
and immediately form stems with leaves after planting in soil (Takayama et al. 1982). 
Maturation is a prerequisite for flowering and flowering will be achieved in less growth cycles 
after planting when mature bulblets are produced in vitro. In present-day commercial 
practice, generally juvenile bulblets are produced in vitro; they flower after two to three 
growth cycles in soil. An exception are L. longiflorum -types. Bulblets of this species may 
flower in the first growing season after tissue culture (Takayama et al. 1982, Higgins and 
Stimart 1990, Langens-Gerrits, unpublished). The culture system we used provides 
excellent opportunities to study the regulation of the phase change. Under natural conditions 
the phase change occurs after one or two growing seasons but the whole developmental 
process can be reduced to a couple of months, in vitro. Furthermore, culture in vitro enables 
to study the process under controlled culture conditions without interference of plant parts 
apart from the explant.
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Dormancy development
Lily bulblets develop dormancy during regeneration in vitro. Dormancy is an adaptive 
feature to overcome long periods with unfavorable growth conditions such as dry hot 
summers or cold winters (Vegis 1964). In general, there are no apparent external 
morphological changes in dormant flower bulbs, but internally, many physiological and 
morphological events may occur, such as flower differentiation or root initiation (Le Nard and 
De Hertogh 1993). In tissue-cultured lily bulblets, dormancy development leads to a switch 
in the capability of the primordium to develop leaf-blades. After induction of dormancy, the 
leaf primordia always develop into scales and external changes are no longer visible 
(Delvallee et al. 1990). The dormancy is broken by a low temperature treatment of several 
weeks.
Elucidation of the factors regulating dormancy development gives the opportunity to 
develop propagation protocols with which it is possible to induce the desired level of 
dormancy during the various phases of the propagation. The study of dormancy is not only 
relevant for flower bulbs but also for many perennial plants (woody plants). Many of these 
plants also develop dormancy in vitro and after that, growth in vitro stops which is highly 
undesirable. Development of dormancy in vitro has been studied in the model cultivar Lilium 
speciosum  (Aguettaz et al. 1990, Delvallee et al. 1990, Djilianov et al. 1994, Kim et al. 1994, 
De Klerk and Gerrits 1996). The main factors are temperature, sucrose and abscisic acid. 
Bulblets regenerated at high temperatures (20 and 25 °C) are more dormant than bulblets 
regenerated at lower temperatures (15 °C). The level of dormancy increases with the 
sucrose concentration. When the synthesis of abscisic acid is blocked, no dormancy 
develops. However, the role of abscisic acid is not completely clear as addition of abscisic 
acid does not affect the dormancy level in bulblets regenerated at 15 or 20 °C. For 
successful practical implementation of the gained knowledge, it is important to know whether 
the major factors controlling dormancy development in L. speciosum , also control dormancy 
in other genotypes regenerated in vitro.
Interaction between processes during growth and development
The main factor for the switch from the juvenile to the adult phase, in general, is 
plant size, although it is not known what role it plays (Hackett 1985, Taiz and Zeiger 1998). 
Also in flower bulbs, there is a strong correlation between maturation and bulb size: 
transition from the juvenile to the adult phase only occurs in bulbs larger than a certain
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threshold size (Fortanier 1973, Le Nard and De Hertogh 1993). This correlation is strong 
(Blaauw 1920), but not absolute: the threshold size for flower formation can be modulated by 
temperature treatment. It would be interesting to know whether phase change and bulb 
growth can be uncoupled during regeneration in vitro.
For the production of mature bulblets, it is thus important to know which factors 
determine the size of the bulblets that are produced in vitro. Available nutrients will play a 
key role for bulb growth. Bulblets regenerating from scale segments in vitro, can use two 
nutrient sources for their growth, the explant and the medium. We established how these 
two sources interact and how important each of them is for bulb growth.
Maturation also influences growth after planting. When juvenile bulblets and adult 
bulblets of the same weight are compared, adult bulblets grow faster after planting than 
juvenile ones (Langens-Gerrits et al. 1997). This is due to the difference in 
photosynthesizing leaf area between adult and juvenile bulblets. Thus, for faster growth after 
planting, it is desirable to produce adult bulblets in the last phase of tissue culture.
Growth after planting is also affected by the dormancy breaking treatment. A short 
dormancy breaking treatment is desirable as this increases the time available for bulb 
growth in vitro or after planting in the first season. Rapid emergence can be induced by a 
short treatment with gibberellins (Niimi et al. 1988) but gibberellin-treated bulblets do not 
grow after emergence (Gerrits et al. 1992). Dormancy breaking should lead to rapid and 
uniform emergence followed by formation of a well-functioning leaf apparatus that produces 
photosynthates for bulb growth. The relationship between dormancy breaking and growth 
after planting has not been studied in much detail. We studied how a low temperature 
treatment affects emergence and also whether during the period of dormancy breaking the 
tissue is prepared for further growth.
Content of the chapters
We have studied the interacting processes that constitute growth and development of 
lily bulblets during regeneration in vitro and after planting in soil: bulblet size, developmental 
state, dormancy development and dormancy breaking. Each chapter is devoted to one of 
these factors.
Production of large bulblets is desirable and we therefore investigated which factors 
determine the size of the bulblets regenerating on bulb scale segments in vitro. We focused 
on the interaction between the available nutrient sources, the medium and the explant and 
wanted to quantify the contribution of the medium and the explant to bulb growth. First,
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uptake of 14C-sucrose and partitioning over explant, bulblets, leaves and roots were 
measured. In pulse-chase experiments, storage of sucrose from the medium in the explant 
and redistribution to the growing bulblets were studied. Experiments were carried out with 
small and large explants to determine the relevance of the explant reserves. The 
contribution of medium components to bulb growth was found to depend on the size of the 
explant and when a large explant was used, the sucrose from the medium contributed less 
to bulb growth than when small explants were used. These data are presented in chapter 2 
'Contribution of explant carbohydrate reserves and sucrose in the medium to bulb growth of 
lily regenerated on scale segments in vitro'.
Temperature turned out to be a key factor for induction of the phase change and we 
investigated the timing of the induction. Furthermore, we studied the interaction between 
maturation and bulb growth. Factors that are important for bulb growth, the explant and 
nutritional factors in the medium, were varied and the effect on phase change was 
determined. The correlation between bulb size and phase change was not absolute as stem 
formation differed in bulblets of the same fresh weight that were regenerated under different 
phase change inducing conditions. We were thus able to uncouple two processes that are 
generally thought to be very closely correlated. The data are presented in chapter 3 'Phase 
change in lily bulblets regenerated in vitro'.
Previously the key factors for dormancy development in L. speciosum  have been 
determined. We studied whether these factors also control dormancy development in other 
genotypes than L. speciosum. We chose genotypes that represent the main groups grown 
in the Netherlands: L. x  ‘Star Gazer', an Oriental hybrid that is closely related to 
L. speciosum, L. x  ‘Connecticut King', an Asiatic hybrid and L. longiflorum  ‘Snow Queen'. 
The effects of temperature, time and abscisic acid on dormancy development were studied 
as well as dormancy breaking by low temperature or gibberellins. The study of different 
genotypes also allowed us to clarify the role of temperature and abscisic acid. Temperature 
is the main factor for induction and abscisic acid has a modifying effect only when the 
temperature induces dormancy development. Although the factors controlling dormancy 
development were largely the same for the various genotypes, their reaction to these factors 
somewhat differed. We could link the reaction of the plant to temperature in vitro to its 
behavior in the area of origin. The data are presented in chapter 4 'Development of 
dormancy in different lily genotypes regenerated in vitro'.
Finally, we studied the relationship between dormancy breaking and further bulb 
growth by studying the effect of the low temperature on subsequent growth. The effect of a 
period of low temperature on sprouting, emergence and further bulb growth was investigated
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in dormant and non-dormant bulblets. By comparing the effect of low temperature and 
gibberellins on dormancy breaking and bulb growth, we showed that dormancy breaking and 
preparation for subsequent bulb growth during the low-temperature treatment are rather 
independent processes. This study is presented in chapter 5 'Effect of low temperature on 
dormancy breaking and growth after planting in lily bulblets regenerated in vitro'.
In the general discussion, the last chapter, the results from the previous chapters are 
discussed and connected with each other.
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Abstract
Bulb size is an important factor determining phase change in Lilium : phase change 
only occurs in bulblets over a certain threshold weight. After phase change has occurred, 
bulblets sprout with a stem with many leaves. Juvenile bulblets sprout with only a few 
leaves. The factors contributing to bulb size were studied during in vitro regeneration of 
bulblets on scale segments. The larger the explants, the larger the regenerated bulblets. 
Explant size influenced bulb growth during the complete culture period. Bulb growth was 
stimulated by a high sucrose concentration. The contribution of the medium and the explant 
reserves to bulb growth were studied in large and small explants using labeled sucrose. 
Sucrose was mainly taken up through the cut surfaces. In freshly cut explants, the rate of 
uptake was correlated with the size of the contact area, but at later stages, when 
regenerating organs were present, the difference in uptake rate of small and large explants 
almost disappeared. Small explants had a larger sink activity than large ones. Explants with 
regenerating organs took up more sucrose than freshly cut explants. Sucrose uptake and 
bulb growth were rather constant in the later phases and doubled when the sucrose 
concentration was doubled. Partitioning of label from the sucrose over the various organs, 
was also rather constant in time: approximately 25 % was accumulated in the bulblets, 
35-45 % in the explant and 30-35 % was converted to CO2 . About half of the label in the 
explant was recovered at the proximal side where regeneration takes place. Sucrose, once 
incorporated in the storage pools in the explant, either remained in the explant or was 
converted to CO2 . Redistribution to the growing bulblets hardly occurred. The percentage of 
bulb growth that could be attributed to uptake of medium components was constant over the 
regeneration period: 45-50 % for large and 65-75 % for small explants.
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Introduction
In general, three developmental phases can be distinguished during the development 
of the shoot apical meristem of a plant: the juvenile phase, the vegetative adult phase and 
the adult reproductive phase (Poethig 1990). A juvenile plant cannot be induced to flower. 
During the vegetative adult phase, the shoot apical meristem has the ability to flower, but 
this capacity is not expressed because specific environmental or developmental signals are 
missing (Poethig 1990, Taiz and Zeiger 1998). The main factor identified for both 
developmental switches, from the juvenile to the adult phase and from the vegetative adult 
to the reproductive adult phase, is plant size, although it is not exactly known what role it 
plays in the transition (Hackett 1985, Taiz and Zeiger 1998).
Such a strong correlation between developmental state and size also exists in flower 
bulbs and has mainly been studied for the transition to flowering. In general, only bulbs 
larger than a critical size will form a flower (Blaauw 1920, Hartsema 1961). The critical size 
for transition to the adult phase is genus- or species-dependent (Fortanier 1973). This 
correlation is strong (Blaauw 1920), but not absolute: the threshold size for flower formation 
can be varied by temperature treatment (Hartsema 1961).
This paper describes part of a study on the transition from the juvenile to the 
vegetative adult phase in lily. The transition to the reproductive state occurs much later. 
Therefore "adult" refers to the vegetative adult state. A lily bulb consists of a compressed 
stem, the basal plate, to which swollen petioles, the scales, are attached. In juvenile 
bulblets, no stem elongation occurs but instead, the primordium splits off one or a few 
leaves that emerge upon sprouting. Adult bulbs sprout with a stem: the stem internodes 
elongate and a stem with many leaves is formed. As bulb size is a crucial factor for phase 
transition, we studied which factors determine bulb size during in vitro regeneration of 
bulblets on scale segments. Bulblets regenerated in vitro are juvenile or adult. Phase 
change in tissue culture is also strongly correlated with bulblet size: large bulblets are more 
often adult than small ones (Langens-Gerrits et al. 1997). Factors determining bulblet size 
can be studied particularly well in vitro since all factors influencing growth can be controlled: 
external conditions (physical, nutritional and hormonal factors) and also the amount of 
parental tissue supporting growth (explant size). Interaction of the regenerating bulblets with 
the plant is restricted to the explant.
Knowledge about the regulation of phase change in vitro is also important from a 
horticultural point of view. An advantage of in vitro culture is that the phase change may be
20
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induced inside the regenerating bulblet. Adult bulblets grow about two times faster after 
planting than juvenile bulblets do (Langens-Gerrits et al. 1997).
Since intact scales cultured in moist vermiculite regenerate bulblets without addition 
of any nutrients (Boontjes 1967, Van Aartrijk et al. 1990), scales clearly contain all 
necessary components for initiation of meristems and further growth. In contrast, bulblets 
regenerating from scale segments in vitro use two nutrient sources for growth: the explant 
and the culture medium. The medium substitutes for any deficiency of parental components. 
Preliminary data showed that on large scale explants, larger bulblets regenerated than on 
small ones. We hypothesize that bulblet formation on large scale segments is less 
dependent on uptake of medium components than that on small explants. To investigate 
this, we determined the contribution of the nutrients in the medium and in the scale to bulb 
growth in large and small segments in labeling studies.
As carbohydrates constitute the greater part of the dry weight of the lily bulb, sugar 
will be the main component taken up from the medium apart from water. Lily scales contain 
three fractions of non-structural carbohydrates: starch, consisting of glucose residues, 
glucomannan, consisting of glucose and mannose, and low molecular weight soluble 
carbohydrates (Miller 1993). Reserve carbohydrates as present in the tissue may be utilized 
more efficiently than sucrose. Therefore, we studied the effects of sucrose, glucose, fructose 
and mannose on regeneration and selected 14C-sucrose for labeling studies.
However, explant size and external supply from the medium as quantified by uptake, 
are not independent factors. Lily scale explants are cultured with their abaxial side on the 
medium and bulblets regenerate from the adaxial side (Van Aartrijk and Van der Linde 
1986). There is no direct contact between the bulblets and the medium. All medium 
compounds are first taken up by the explant and then transported to the growing bulblets. 
The contact area of an explant with the medium may determine the amount of medium 
components taken up and used for bulb growth. The difference in uptake rate, if not taken 
into account, would lead to an underestimation of the role of the medium in regeneration 
from large explants. For this reason, we measured the difference in uptake in large and 
small explants.
Another complication is that medium components may be stored in the explant for 
some time before being transported to the growing bulblets. If so, part of the contribution of 
the explant to bulb growth would indirectly come from the medium. Such an effect can be 
revealed by pulse-chase experiments.
Uptake of 14C-sucrose and partitioning over explant, bulblets, leaves and roots at 
various times during regeneration were measured. Sink activity (sink strength/ sink size) of
21
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the explant and the bulblets was determined. In pulse-chase experiments, storage of 
sucrose from the medium in the explant and redistribution to the growing bulblets were 
studied. Experiments were carried out with large and small explants. In this way, we were 
able to quantify the contribution of the medium and the explant to bulb growth.
Materials and Methods
Regeneration of bulblets
After harvest, bulbs of the cultivar Lilium x cv. Star Gazer, an Oriental hybrid, were stored for 
6 weeks at 5 °C, then packed in moist peat moss and stored at -1 °C until use. In one experiment, 
similarly pre-treated and stored bulbs of L. speciosum cv. Rubrum No. 10, L. longiflorum cv. Snow 
Queen and Lilium x cv. Connecticut King were used for comparison. Clean and healthy-looking scales 
were rinsed in 70% ethanol, sterilized in 1% (w/v) NaOCl for 30 min and rinsed three times in sterile de­
ionized water. Bulblets were regenerated from scale explants essentially as described by Langens- 
Gerrits and De Klerk (1998). Large (3x15 mm) and small (3x5 mm) explants, cut as shown in Fig.1, 
were cultured with their abaxial side on 15 ml per explant of MS-medium (Murashige and Skoog 1962) 
supplemented with 88 mM sucrose, 100 mg/l myo-inositol, 0.4 mg/l thiamine-HCl, 0.27 |jM 
naphthaleneacetic acid (NAA) and 0.6 % agar at pH 5.8, adjusted prior to autoclaving. When different 
carbohydrates were tested for their effect on regeneration, they were added after filter sterilization. 
Explants were grown at 25 °C in the dark unless stated otherwise.
Measurement of carbohydrate content
The three non-structural carbohydrate fractions present in lily tissue, starch, glucomannans and 
sugars soluble in 80 % ethanol (Miller 1993) were measured in tissue-cultured bulblets regenerated 
from 3x15 mm explants for 12 weeks at 25 °C. Soluble carbohydrates were extracted from 50 mg of 
powdered freeze-dried tissue in a single volume of 10 ml 80 % ethanol heated first at 70 °C for 1 h, then 
at 20 °C for 0.5 h and finally for 6 h at 70 °C. After centrifugation, the supernatant was removed and the 
pellet was washed with 5 ml 80 % ethanol and centrifuged. The supernatants (15 ml total volume) were 
combined and applied to a column with a layer of cation and a layer of anion exchange resins (Miller 
and Langhans 1989). The column was washed with 2 ml 80 % ethanol, and the total eluant (containing 
the soluble carbohydrates) was evaporated to dryness. The soluble carbohydrates were dissolved in 
20 ml HPLC-grade water, and a sample of 100 j l  was analyzed by HPLC (Dionex Corp., Sunnyvale, 
CA, USA) on a Carbo-PAC PA-1 column and a pulsed amperometric detector. The column was eluted 
with a linear gradient from 0 to 250 mM sodium acetate in 200 mM NaOH.
The material remaining after the 80 % ethanol extraction was resuspended in 5 ml water and left 
for 4 h at room temperature to extract the glucomannans. The samples were then centrifuged and the 
supernatant was collected. The pellet was resuspended in 3 ml water and after centrifugation, the 
supernatants were combined. Glucomannans were determined by the phenol-sulphuric acid method 
(Southgate 1976). The assay was calibrated with various concentrations of a 2:1 (molar)
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mannose:glucose solution. This ratio corresponds to the mannose: glucose ratio in native L. longiflorum 
glucomannan (Tomoda et al. 1978). As a control, the glucomannans were treated with invertase and 
then assayed by Nelson's reducing sugar assay. The reducing sugar remaining in the glucomannan 
fraction, amounted to less than 1% of total soluble carbohydrates extracted previously with 80% 
ethanol. Starch was determined in the material left after glucomannan extraction essentially as 
described earlier (Miller and Langhans 1989). Starch was broken down using amyloglucosidase and 
the glucose formed was quantified by a glucose oxidase method.
Uptake and incorporation of labeled sucrose
In the labeling experiments, each explant was cultured separately in a Petri dish (9 cm 
diameter) with 4.1 or 2.0 kBq.mmol-1 (8 to 10 kBq per dish) uniformly labeled 14C-sucrose (Amersham, 
Roosendaal, The Netherlands) for 1 or 2 weeks. The abaxial side was embedded 2-3 mm deep in the 
medium. Labeled sucrose was added to standard medium after autoclaving. The radioactive 
concentration was measured in an aliquot of the medium before it became solid. The total radioactivity 
in a dish was determined by multiplying the radioactive concentration by the weight of the medium 
poured in the Petri dish. A small container with 800 |jl 10 M KOH and a small piece of filter paper within 
it, was placed in each Petri dish to capture labeled CO2. Petri dishes were sealed with plastic foil and 
placed at 25 °C in the dark.
Dry weights (DW) of the various organs were calculated by multiplying fresh weights (FW) by 
the DW over FW ratio from explants cultured under the same conditions but without label. The FW of 
each explant was determined before transfer to labeled medium. The change of the medium had no 
effect on bulb growth from the explants. After 1 or 2 weeks on labeled medium, the explant and, if 
present, bulblets, leaves and roots were harvested and weighed separately.
The tissues were homogenized after addition of 0.25 ml 30% H2O2 (Sigma, Zwijndrecht, The 
Netherlands) and 0.25 ml de-ionized water in a homogenizer (Retsch, Haan, West-Germany) with 
vibrating plastic vials containing a stainless steel ball for 3 min. Another 0.25 ml of 30% H2O2 was added 
and after thorough mixing the sample was stored overnight at 42.5 °C. Then, 1 ml tissue solubilizer 
(Soluene-350, Packard, Groningen, The Netherlands) was added and the sample was again stored 
overnight at 42.5 °C. 13.5 ml scintillation fluid (Hionic Fluor, Packard) was added and after at least three 
hours the radioactivity of the sample was determined in a liquid scintillation counter (LKB Wallac, Turku, 
Finland).
The medium was solubilized in water of 80 °C for determination of the remaining radioactivity. 
Two samples of about 0.5 ml were weighed and after addition of 1 ml Soluene, the radioactivity was 
determined as above. For counting the activity in the 10 M KOH solution, 13.5 ml scintillation fluid was 
immediately added to the sample.
In the samples, the correction for quenching was determined by addition of about five times the 
radioactivity in the sample and measuring again. Quenching almost exclusively occurred when large 
explants were measured. The percentage quenching was 15 % on the average in these cases.
The overall-recovery after one week was about 95%. When explants were cultured for two 
weeks on labeled medium, the recovery was 92%. In a typical experiment with about 8300 Bq present in
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the medium at the start, 92% of the label was still present in the medium after one week, 2.4% was 
recovered in the explant and regenerating organs and 0.9% in the KOH. As we corrected for quenching, 
the loss is most likely due to uncaptured label in the headspace and lack of efficiency of the extraction 
procedure.
Pulse-chase experiments were carried out as above except that explants were exposed to 
14C-sucrose for 1 week and then transferred to unlabeled medium. No label leaked into the medium 
during this final period.
Results
Experimental system
Bulblets regenerating on large scale segments fell into two groups with respect to 
their position on the explant: basal and apical bulblets. Basal bulblets regenerated at the 
basal side, which is defined as an area of the size of a small explant (Fig.1). Thus, bulblets 
regenerated from small explants were all considered ‘basal’ .
Apical part 
(10 mm)
Basal part 
(5 mm)
H r1 
3 mm
Lily scale
at cutting
Adaxial side
Apical side
3 mm
Large explant
after 12 weeks
5 mm
3 mm
Small explant
after 12 weeks
Figure 1. Schematic drawing of large and small explants cut from lily scales. Basal bulblets regenerate 
from the colored part and apical bulblets from the non-colored part.
Basal bulblets appeared on both explant types after 2-3 weeks and apical bulblets 
after 5-6 weeks. The apical bulblets grew slowly and after 12 weeks their dry weight was 
only about 10% of total regenerated bulb weight. The numbers of basal and apical bulblets 
were equal. When regeneration from large and small explants was quantified, only the basal
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bulblets of the large explants were taken into account. In this way, bulblets regenerated on 
equal areas of the explants were compared. The number of basal bulblets was similar for 
both explant types and was 4-5 in 12 weeks. Bulblets on large explants were bigger and 
accumulated more dry weight than on small ones (Fig. 2a). Explants also increased in size 
during culture. Large explants mainly grew in the first six culture weeks whereas small 
explants grew during the entire culture period (Fig. 2b).
— large —v — small
Time in culture (w eeks)
200
100
50
0 2 4 6 8 10 12 
Time in culture (w eeks)
&
Figure 2. Growth of basal bulblets regenerated on large or small explants (a) and growth of large and 
small explants without regenerating organs (b). Explants were cultured for 12 weeks under standard 
conditions and the dry weights of the organs and the explants were determined at various intervals. 
Each data point represents the average dry weight of individual bulblets of 30 explants ± SE. Large, 
large explants; small, small explants.
0
The effect of explant size on regeneration was studied in various genotypes to 
examine whether the positive correlation between explant size and bulb weight is a more 
general phenomenon. Larger bulblets also regenerated from large explants of L. speciosum  
cv. Rubrum No.10 and L. longiflorum  cv. Snow Queen but there was no such difference in 
size in Lilium x  cv. Connecticut King (not shown).
When large explants were reduced to the size of a very small explant at various times 
after the start of regeneration (Fig. 3), the earlier the explant size was reduced, the smaller 
bulblets were obtained. Thus, explant size influenced bulb growth during the entire culture 
period.
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Figure 3. Effect of explant size during the culture period on the growth of regenerating bulblets. Large 
explants (3x15 mm) were cultured under standard conditions at 20 °C. At various intervals, explants 
were reduced to a much smaller size (3x2 mm) by removing the distal part, and put back on the same 
medium. Dry weight per bulblet was determined after 12 weeks. Each data point represents the average 
dry weight of the individual bulblets of approximately 25 explants ± SE.
Effect of sugars on bulb growth
Various sugars were tested for their effect on bulb growth. Sucrose is the main 
transport carbohydrate in plants (Zimmerman and Ziegler 1975). In lily scales, glucose and 
mannose are the main building blocks of the reserve carbohydrates, starch and 
glucomannan, and therefore may be utilized more efficiently than sucrose. Besides glucose, 
fructose, the other monosaccharide in sucrose, was included. Glucose, fructose and 
mannose were tested at equimolar concentrations (176 mM), sucrose at 88 mM. Small 
explants were used to make the impact of the medium components as great as possible. 
None of the sugars, nor a combination of glucose and fructose surpassed sucrose in 
stimulating the growth of the individual bulblets. Therefore, sucrose was used in all further 
experiments.
On both explant types, the weight per bulblet increased linearly with increasing 
sucrose concentration up to 176 mM. At all concentrations, bulblets from large explants had 
approximately twice the weight of bulblets from small explants (Fig. 4a). The weight of the
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explants themselves also increased with the concentration (Fig. 4b). Apparently, the explant 
is a sink that stores nutrients from the medium.
The experiments thus show that bulblet weight is positively affected by explant size 
and sucrose concentration. Raising or lowering the concentration of other medium 
components, such as minerals, vitamins or auxin, had no, or only negative effects on bulb 
growth.
large “O- sma l l
ra60 
£  50
TO
| 4 0
_ 30
I  20
¿310
0
; A  a  î
t /
' T  A  I  t
B  / - I
“T
.A
DWg t =0 -t/  x
▲ T  -L
" A  , C~>/  /- /  P 
à.
? .....................................................................................
5 ....................
300
250 -c ro
200 g 
150 £
1 0 0 ®
50 uj
50 100 150 200 250  0 
Sucr ose (m M )
50 100 150 200 250 
Sucrose (m M )
Figure 4. Effect of sucrose concentration on bulblet growth. Large and small explants were cultured 
under standard conditions at various sucrose concentrations. After 12 weeks, samples of 25 explants 
per treatment were measured. Bulblet dry weight (4a) and explant weight (4b) were determined. Each 
data point represents the average dry weight of the individual bulblets of ca. 30 explants ± SE. Large, 
large explants; small, small explants; DW lg t=0, average dry weight of freshly cut large explants; DW 
sm t=0, average dry weight of freshly cut small explants.
The growth of the explants in relation to the sucrose concentration, led to the 
question of how much carbohydrate reserves are present in the tissue. The contents of 
starch, glucomannan and low molecular weight sugars were quantified in freshly cut 
explants (Table 1). The high carbohydrate content clearly does not prevent the tissue from 
taking up sucrose (Fig. 4b). The amount of carbohydrates per g dry weight is in line with 
earlier data on lily bulbs (Matsuo and Mizuno 1974; Miller and Langhans 1989).
DWsm t0
0
Table 1. Non-structural carbohydrates in freshly cut explants. Data are means of 5 determinations ± SE.
Carbohydrate Content (mg per g dry weight)
Starch 485.4 ± 13.3
Glucomannan 105.3 ± 4.5
Soluble in 80 % ethanol 111.4 ± 13
Total 702.2 ± 20.3
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Uptake of sucrose from the medium
Uptake of sucrose by the explant would depend on the sink activity of the tissue. In 
addition, uptake might be limited by the contact area with the medium as the epidermis is 
likely to be a barrier due to the presence of an impermeable cuticle.
To investigate the latter possibility, complete scales were cultured with their abaxial 
side on medium labeled with 14C-sucrose for one week. The contact area of the epidermis 
with the medium was left intact or approximately one cm2 of the epidermis was stripped off. 
Stripping increased uptake of sucrose, stored in the explant or converted to CO2 , from 1.6 ± 
0.2 mg to 5.4 ± 1.0 mg. Thus, uptake through the epidermis is limited.
In freshly cut large and small explants, the sink activity is expected to be equal as 
both explants consist of the same scale tissue. The sink strength of large explants would be 
about four times that of small explants, corresponding to the difference in explant weight 
(420 vs 105 mg fresh weight). The contact area of an explant with the medium consists of 
four cut surfaces and the abaxial epidermis. The contact area of the cut surface is 2.3 times 
greater in large than in small explants (Fig. 1). If the contact area, rather than the sink 
strength, determines uptake, large explants would take up 2 -  2.5 times more sucrose than 
small ones, which is less than would be expected from the difference in sink strength. 
Freshly cut explants were cultured for 2 weeks on labeled medium. Twice as much sucrose 
was taken up by large explants as by small ones (Table 2). The experiments show that 
sucrose uptake mainly occurs through the cut surfaces and is limited by the contact area 
with the medium.
Table 2. Sucrose uptake in freshly cut large (3x15 mm) and small (3x5 mm) explants after culturing for 
2 weeks on medium labeled with 14C-sucrose. Data are means of 16 (large explants) and 21 (small 
explants) determinations ± SE.
Explant Accumulated sucrose (mg) Respired sucrose (mg)
Small 6.8 ± 0.9 3.7 ± 0.4
Large 13.2 ± 1.3 7.5 ± 0.6
The uptake of sucrose was measured at the onset of regeneration (during the 5th 
week of culturing) and at three moments during further growth (7th, 9th and 11th week). 
Freshly cut explants were first cultured on unlabeled medium and then exposed to labeled 
sucrose for 1 week. Total uptake of sucrose was calculated from the radioactivity present in 
the tissue and CO2 . With both explant sizes, uptake was rather constant during the whole 
period. The increase in sink size (Fig. 2, 4b) is thus accompanied by a decrease in sink
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activity (Fig. 5). On the average, uptake of sucrose by small explants (including sucrose 
converted to CO2 ) was 85% of that by large explants. Unlike in freshly cut explants, uptake 
was no longer correlated to the size of the contact area with the medium as the uptake rate 
per unit contact area is greater in small than in large explants. This is explained by the 
difference in sink activity (Fig. 5).
expl sm 
bulb sm 
expl lg 
bulb lg
Week of labeling
Figure 5. Sink activity (|jg sucrose taken up from the medium per mg fresh weight) of explant and 
bulblets. At the times indicated, explants were transferred to medium labeled with 14C-sucrose 
(4.1 kBq/mmol). The radioactivity in explants and bulblets was determined after 1 week. The amount of 
sucrose taken up and stored was divided by the tissue fresh weight present at the end of this week. 
Data presented are means of ca. 10 explants ± SE. Expl sm, small explants; bulb sm, bulblets on small 
explants; expl lg, large explants; bulb lg, bulblets on large explants.
The effect of sucrose concentration on uptake was studied. Six-week old large and 
small explants were cultured on medium with 88 mM or 176 mM sucrose. Uptake doubled in 
the explant and the regenerating organs, when the sucrose concentration in the medium 
was doubled (data not shown).
Partitioning of sucrose
In the experiments described above, the distribution of sucrose over explant and 
regenerating organs was determined and the evolution of CO2 was measured. The 
partitioning of sucrose was rather uniform throughout the regeneration period. Approximately 
25 % was accumulated in the bulblets, a percentage that was somewhat lower at the onset 
of regeneration (15-20 %) (Fig. 6a and b). The explant proved to be the largest sink, 
accumulating 35-45 % of the sucrose taken up. During the whole culture period, 30-35 % of 
the sucrose taken up was converted to CO2 . The differences in sink activity of the explant 
tissue between small and large explants was also present in the bulblets (Fig. 5). Sink 
activity of bulblets decreased with time whereas that of explants remained more or less 
constant.
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Figure 6. Distribution of sucrose in large (6a) and small (6b) explants over explant, bulblets and leaves 
and roots. Explants were cultured under standard conditions. During the periods indicated, explants 
were cultured on medium with labeled sucrose. After 1 week, the amount of label in the various parts 
was determined. Data are means of approximately 10 explants ± SE. Expl, explants; bulb, bulblets; lf + 
rt, leaves and roots.
The positioning of large bulblets at the basal side of the explant raised the question 
whether the partitioning of sucrose inside the explant correlates with regeneration activity. 
Four-week old explants (at the start of regeneration), were cultured for one week on labeled 
medium, cut into pieces and the radioactivity in the parts was determined. In both types of 
explants, 50-60 % of the label was recovered in the basal section where regeneration occurs 
(Table 3). This percentage decreased in more apical parts. Only 15% was found at the 
apical end.
Raising the sucrose concentration to 176 mM did not affect the relative distribution 
over the various parts (data not shown).
Table 3. Distribution of sucrose over basal, middle and apical parts of large and small explants. Four- 
week-old explants were cultured for 1 week on labeled medium, cut into pieces and the radioactivity in 
the various parts was measured. Large explants were cut into four and small explants into three equal 
pieces. Data are presented as means ± SE (n=3).
Sucrose accumulated (%) 
Part ------------------------------------------------------------------------
Small explants Large explants
Basal 62.1 ± 5.6 51.6 ± .6
CO
Middle 22.6 ± 1.5 20.9 ± 1.8
Middle 14.1 ± 4.3
Apical 15.3 ± 4.1 13.4 ± .42
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Figure 7. Redistribution of labeled sucrose over explant and bulblets. Six-week old large (7a) and small 
(7b) explants were cultured on labeled medium for one week followed by two more weeks on unlabeled 
medium. The data, expressed as mg carbon redistributed in an explant, are means of 10 determinations 
± SE. During the three weeks of the experiment, the amount of labeled CO2 was measured every week. 
All data on CO2 represent the accumulation in a single week. Expl, explants; bulb, bulblets; CO2, CO2.
Redistribution of sucrose taken up from the medium
The sucrose accumulated and stored in the explants (Figs. 5 and 6) may be used for 
bulb growth later during culture. The possibility of redistribution of sucrose or its metabolites, 
was studied in a pulse-chase experiment. Six-week old explants, just after the beginning of 
regeneration, were exposed to radioactive sucrose for one week and then transferred to 
unlabeled medium for one or two weeks. Sucrose taken up in the explant and regenerating 
organs was measured after the pulse and after the chase period. Average recovery after the 
chase was 95 %. Conversion of sucrose to CO2 was measured every week. Most sucrose 
taken up in the explant during the pulse week either remained fixed in the explant or was 
converted to CO2 during the chase weeks. The turnover was strongest during the first week 
of the chase and trends were similar for large and small explants. The amount of label in the 
growing bulblets increased during the chase but only by a very small amount in bulblets on 
small explants (Fig. 7).
Contribution of sucrose in the medium to bulb growth
In the pulse-chase experiment, bulb growth was quantified in unlabeled controls. 
Every week, 25 mg bulb dry weight was formed on large explants and 13 mg on small ones. 
Redistribution plays a role for 2 weeks after a pulse (Fig. 7). Thus, redistribution of sucrose 
taken up in week 6, 7 and 8 contributes to bulb growth in week 8 and 9 ( the chase weeks). 
Twelve percent of bulb growth during the two chase weeks, about 6 and 3 mg, for large and
31
Chapter 2
small explants respectively, could be attributed to translocation of sucrose taken up in the 
explant during week 6, 7 and 8 (calculated from data presented in Fig. 7).
An estimate of the relative contributions of medium and explant to bulb growth was 
made by comparing uptake of sucrose (Fig. 6) and increase in weight (Fig. 2) at various 
moments during the regeneration period. Redistribution was not taken into account. As basis 
for the calculation, it was assumed that all dry weight consists of carbohydrates. This is valid 
as the elements N, K, Ca, Mg, P and S make up less than 5% of the dry matter 
(unpublished). Also, we assumed that the carbon content of the dry matter equals the 
carbon content of sucrose.
Bulblet growth always exceeded the amount of sucrose taken up. The contribution of 
medium components to growth was stable during the culture period but it was smaller on 
large explants than on small ones. The percentage of bulb growth that could be attributed to 
uptake of medium components was 35 - 40 % for large and 55 -  65 % for small explants 
(Fig. 8). When the contribution of redistribution is taken into account, these percentages are 
approximately 45 -  50 % and 65 -  75 % respectively.
The results show that on large explants, bulblets use more of the explant reserves for 
growth than on small explants.
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Figure 8. Contribution of sucrose taken up from the medium to bulblet growth. The amount of carbon 
taken up during a week on labeled medium (Fig. 6) is expressed on basis of total carbon accumulated in 
the bulblets (mg) on an explant during this week. Total carbon accumulation was inferred from a linear 
curve-fit from data presented in Fig. 2a, assuming that all bulb dry weight consists of carbohydrates. 
The contribution of redistributed sucrose was not taken into account. Data are means of 10 
determinations ± SE. Large, large explants; small, small explants.
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Discussion
The regeneration of lily bulblets on scale tissue was studied in vitro. The main factors 
determining the size of the regenerating bulblets are explant size and sucrose concentration 
in the medium. The two factors act partially independently as the effect of sucrose 
concentration on bulblet growth is similar in large and small explants (Fig. 4a). There is also 
interaction between the two factors, as bulblets developing on small explants incorporate 
relatively more carbon from the medium than bulblets regenerating on large explants. 
Therefore, a larger part of bulb dry weight can be attributed to uptake of sucrose from the 
medium on small than on large explants. Sucrose taken up from the medium is mainly 
stored in the explant; a smaller percentage is used for bulb growth. Evidently, not the 
absence of carbohydrates but rather the lack of mobilization explains the importance of 
sucrose from the medium for bulb growth.
In the model system used (Fig. 1), similar numbers of bulblets regenerated at the 
basal side of small and large explants. Bulblet growth in this system was not affected by 
different numbers of apical regenerants on the two explant types as regeneration on the 
apical part of the large explants was insignificant, due to strong polarity in the tissue (Van 
Aartrijk and Van der Linde 1986). This implies that data on total bulb weight per explant (as 
measured in the experiments with labeled sucrose) could be related to the growth of 
individual bulblets, which we were interested in. Often, the number of regenerating organs 
varies with the size of an explant (Van Aartrijk and Blom-Barnhoorn 1983, Lazzeri and 
Dunwell 1986, Bhau 1999) or of the regeneration zone (Pierik and Van Post 1975). A higher 
number of regenerating organs on an explant, in general, decreases the size or weight per 
organ, probably due to an increased competition for nutrients (De Klerk et al. 1992, 
Perrignon 1992). In our study, explants had the same basal area for regeneration due to the 
way they were cut (Fig. 1).
Explant size and sucrose are the main factors that positively affected bulb growth. 
Changing the concentrations of other components, such as minerals, vitamins or auxin had 
no or only negative effects. Bulblets on large explants were always bigger than those on 
small ones even at saturating sucrose concentrations (Fig. 4a). The presence of the explant 
was essential during the complete regeneration period as reduction in size at any time 
during culturing led to a decline in bulblet growth (Fig. 3). Bulblets grew larger on large 
explants also in the other genotypes (except for L. x  cv. Connecticut King). This suggests 
that some components in explant tissue that support bulb growth cannot be synthesized 
from medium compounds in sufficient amounts. It is unlikely that the volume of the sucrose
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pool in the explant is a limiting factor. Raising the sucrose concentration in the medium from 
88 to 176 mM doubles the uptake rate but causes an increase rather than a decrease in the 
difference in bulb size on small and large explants (Fig 4a). One can only speculate on the 
nature of these beneficial components. Also in Paulownia fortunei, the medium cannot 
substitute completely for the explant (Kumar et al. 1998).
For other bulbous and non-bulbous plants, explant effects on growth of the organs 
have been described. In Hyacinthus (Pierik and Ruibing 1973), Hippeastrum  (Langens- 
Gerrits, unpublished) and Lachenalia (Perrignon 1992), larger bulblets regenerate from large 
explants than from small explants. Also in rose (Marcelis-Van Acker and Scholten 1995) and 
Vigna radiata (Gulati and Jaiwal 1992) larger organs were obtained from large explants. It 
has not been studied what caused this better growth.
The independent contribution of sucrose to bulblet growth is shown by the 
observation that both on large and small explants, an increase in sucrose concentration 
stimulates uptake (section 'Uptake of sucrose from the medium') and bulblet growth (Fig. 4) 
to the same extent. At sucrose concentrations lower than 176 mM, the rate of sucrose 
uptake is limiting bulblet growth.
In freshly cut explants, uptake was limited by the contact area with the medium 
(Table 2). Uptake of sucrose mainly occurred through the cut surfaces. The same holds for 
other medium components, such as hormones (Guan and De Klerk 2000). The difference in 
uptake between large and small explants disappears during the period of active bulb growth. 
This reflects the decline in sink activity which is more profound in large than in small 
explants (Fig 5).
One can only speculate on this difference in sink activity. The higher sink activity in 
small explants (Fig. 5) may be explained by a difference in the concentration of sucrose and 
its metabolites (glucose, fructose) inside the two types of explants. The bulblets on small 
explants are more dependent on sucrose from the medium and incorporate relatively more 
carbon from the sucrose than bulblets on large explants (Fig. 8). This may lead to lower 
sugar concentrations in the internal pools of the small explants. Such a lower level would 
facilitate uptake from the medium.
The explant turned out to be the largest sink, due to its large sink strength relative to 
that of the bulblets. Sink activity of the bulblets was higher than that of the explant only when 
bulb growth just started (Fig. 5). Most sucrose taken up in the explant, was fixed in the 
explant or converted to CO2. Only 20-25% of the carbon deposited in the explant during one 
week of culture was mobilized for bulb growth at a later time. It is interesting to note that 
explant tissue, that largely consists of carbohydrates (Table 1) and that is used to sustain
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plant growth under natural conditions, can be a sink for nutrients from the medium (Fig. 4) 
and a source for the growing bulblets at the same time. In fact, this is similar to the natural 
situation. Young scales that act as a sink during bulb growth, become a source under low 
irradiance (Miller and Langhans 1989). Also, older scales that sustain the plant during 
outgrowth, retain some sink activity under normal growth conditions (Wang and Breen 
1987). Apparently, the switch from sink to source and vice versa is made easily, depending 
on the need of the plant. In a sprouting bulb, a gradient exists in source activity of the 
scales. The outer scales are the strongest sources (Matsuo and Mizuno 1974) and the inner 
scales are the strongest sinks. For culture in vitro, the outer scales are generally not used 
because of the high incidence of contamination. Thus, the sink activity that was observed in 
the explants, may be related to the position of the scale used to cut explants in the mother 
bulb.
Sucrose taken up in the explant was mainly recovered at the basal side of the 
explant, where regeneration occurs. This may indicate that uptake mainly occurs at that side 
of the explant. On the other hand, internal transport of sucrose from the apical to the basal 
side may also play a role. When lilies are propagated by culturing complete scales in a moist 
environment ('scaling'), starch mobilization proceeds from the apical to the basal region 
(Miller 1990).
Faster bulb growth on large than on small explants is only for a small part explained 
by differences in sucrose uptake. About twice as much bulb weight regenerated per week on 
large than on small explants (Fig. 2), whereas during active bulb growth, uptake by large 
explants was only little higher than by small ones. The contribution of sucrose to bulb growth 
mainly consisted of sucrose or its metabolites that were channeled to the bulblets within a 
week. A much smaller part of bulb growth depends on uptake from the medium on large 
explants than on small ones (Fig. 8). The other part of bulb growth was due to uptake of 
intrinsic scale tissue components (Table 1).
The lack of mobilization from the explant is substantiated by the fact that the total 
amount of carbohydrates from the explant contributing to bulb growth is smaller than the 
amount of non-structural carbohydrates present in the explant at the start of the culture. 
Under standard conditions, about 120 and 70 mg bulb dry weight regenerate on large and 
small explants respectively. These figures are obtained from the DWs per bulblet (Fig. 4A) 
multiplied by the average number of bulblets regenerated on an explant (4-5). About 60 and 
20 mg, respectively (about 50 and 30% for large and small explants, respectively, see final 
section of Results) can be ascribed to uptake of explant reserves whereas large and small 
explants contain about 90 and 30 mg carbohydrates, respectively, at the start of the culture
35
Chapter 2
as can be inferred from the DW of the explants at the start of the culture (Fig. 4B) multiplied 
by the fraction of the non-structural carbohydrates (Table 1).
The better bulb growth on large explants reflects the larger contribution of explant 
reserves. This larger contribution may be explained by easier access to the reserves in the 
explant tissue than to the medium components. At the same time, lack of mobilization of 
scale reserves is limiting for bulb growth. The explant turned out to be a strong sink that is 
not depleted during culture. The observation that redistribution of sucrose taken up in the 
explant only contributes a little to bulb growth, substantiates that the explant is a strong sink 
and forms a barrier for transport of sucrose to the bulblets.
The same lack of mobilization is observed during 'scaling', when only scale reserves 
are available for bulb growth. Only 35% of the total fresh weight of scale plus regenerating 
bulblets resides in the bulblets after culture for 31 weeks (Miller 1990). Sucrose may 
compensate for the lack of mobilization of explant reserves as bulb weight regenerating on 
scale segments (3x15 mm) cultured on high sucrose concentration is higher than bulb 
weight regenerated on complete scales cultured in vermiculite.
In conclusion, we identified two major factors that limit bulb growth in vitro: the rate of 
sucrose uptake and the lack of mobilization of reserves from the explant. It is interesting that 
the explant on one hand stimulates bulb growth and may contain beneficial compounds and 
on the other hand, forms a barrier for transport of sucrose to the growing bulblets.
Transition to the adult phase, in lily expressed as formation of a stem, depends on 
bulb size and large bulblets more often form a stem than small ones. From a horticultural 
point of view it is advisable to culture lily bulblets on a high sucrose concentration in vitro 
before transfer to soil, as large bulblets, that more often form a stem, grow faster than small 
ones. It would be interesting to know whether the threshold weight for phase change is 
absolute or whether it can be manipulated by, for example, temperature, comparable to 
other flower bulbs. The culture system used here, offers excellent opportunities to study the 
effect of temperature or other factors (e.g. nutritional ones) on phase change.
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Abstract
During the development of the lily (Lilium), three phases can be distinguished: the 
juvenile, the vegetative adult and the flowering phase. Juvenile bulblets sprout with one or a 
few leaves whereas vegetative adult bulblets sprout with a stem with elongated internodes. 
The transition to the vegetative adult phase was studied in lily (Lilium x  cv. Star Gazer) 
bulblets regenerating on bulb scale segments in vitro. The phase change was marked by the 
development of a tunica-corpus structure in the apical meristem which leads to the formation 
of an actively growing stem primordium. This structure is absent in juvenile bulblets. Juvenile 
bulblets first developed competence for phase change during a culture period of at least six 
weeks at 25 °C. Subsequent induction of the phase change occurred during a period of two 
weeks at lower temperature (15 °C). A major factor influencing phase transition was bulblet 
weight. Small bulblets never formed a stem whereas large bulblets always formed a stem 
under inducing conditions. Large bulblets more often formed a stem than small ones but the 
relation between bulb growth and phase transition was not absolute. A high sucrose 
concentration, a large explant and a prolonged period for competence development 
stimulated bulb growth but also phase transition independently of growth. Lowering the 
concentration of MS-minerals reduced bulb growth but did not affect phase transition. Under 
these conditions, phase change was correlated with a low phosphorus content.
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Introduction
During the development of a shoot apical meristem from the juvenile phase to the 
flowering phase, two developmental processes take place: vegetative and generative 
maturation. These processes seem to be independently regulated and occur more or less 
overlapping in time, depending on the species (Poethig 1990). The transition from the 
juvenile to the vegetative adult phase is in most cases a gradual one and is characterized by 
changes in characteristics such as leaf morphology and phyllotaxy (e.g. Hedera), thorniness, 
rooting capacity or presence of epidermal hairs (e.g. Zea mays). The transition from 
vegetative to generative development on the other hand, is abrupt and characterized by the 
formation of flowers (Poethig 1990). Depending on the degree of overlap between the two 
maturation processes, the vegetative adult phase is more or less clearly distinguishable in a 
plant.
The transition from juvenile to adult often strongly correlates with the size of the 
plant (Hackett 1985, Taiz and Zeiger 1998). Attainment of the critical size appears to be 
more important than physiological age. Such a strong correlation between developmental 
state and size also exists in flower bulbs (Fortanier 1973). In many flower bulbs (e.g. tulip, 
hyacinth, iris, narcissus), the vegetative adult phase is only short, proceeds inside the bulb, 
and is directly followed by the reproductive phase. As a consequence, the flower emerges 
from the bulb. The initiation of the flower is, therefore, often used as a marker in studies on 
the relation between bulb size and the transition to the adult phase (Fortanier 1973). The 
correlation is strong (Blaauw 1920), but not absolute: in many bulb species the threshold 
size for flower formation is affected by seasonal thermoperiodicity. Application of a particular 
temperature regime leads to early flowering due to a reduction of the duration of one or 
more seasons (Hartsema 1961, LeNard and DeHertogh 1993).
Lily provides an excellent model to study the vegetative phase change as the three 
developmental phases are clearly separated in time. Transition from the juvenile to the 
vegetative adult phase occurs after one or sometimes two growing seasons. Juvenile 
bulblets sprout with one or a few leaves. Adult bulbs sprout with a stem with stretched 
internodes and many leaves. The transition to flowering occurs after further bulb 
development which takes one to three seasons.
Lily bulblets regenerating in vitro on scale segments may undergo the vegetative 
phase change as they may form stems after planting in soil (Takayama et al. 1982). This 
opens the possibility to study the transition from juvenile to adult in a reduced period of 
development under controlled culture conditions, and without interference of plant parts
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apart from the explant. In lily, stem formation is stimulated in the bulblets when complete 
scales or scale segments are cultured at 17 °C, after initial culture at 23 °C (Anonymous 
1991, Langens-Gerrits et al. 1997). This led to the hypothesis that the lower temperature 
acts as a signal inducing the transition from juvenile to adult, possibly comparable to the 
effect of low temperature on flowering (vernalization). Many lilies are believed to require 
vernalization (Beattie and White 1993). The timing of the induction was investigated by 
varying the moment at which the temperature change was applied and studying the effect on 
stem formation.
Preliminary data showed that the maturation from juvenile to adult never occurs in 
100 % of the regenerants in tissue culture. Bulb size may be one factor affecting the 
percentage as bulblets of different size develop on the explants. Main factors affecting bulb 
size during regeneration in vitro are sucrose, minerals and the amount of parental tissue 
present (explant size) (Takayama and Misawa 1979, Van Aartrijk and Blom-Barnhoorn 
1980, Gerrits and De Klerk 1992, Langens-Gerrits et al. 2003). These factors may affect 
phase change by stimulating bulb growth, but also more directly, by a different mechanism. 
Carbohydrates, for example, modulate expression of developmental genes, a phenomenon 
known as sugar sensing (Koch 1996). Not much is known about comparable effects of 
minerals. The role of explant size and the nutritional factors, sucrose and minerals, were 
investigated and the mineral composition of the bulbs was related to the developmental 
process. The relation between bulb size and maturation was established by comparing the 
developmental state of bulblets of similar fresh weights regenerated under various phase 
change inducing conditions.
Materials and methods
Tissue culture
Bulblets were regenerated on scale explants, essentially as described previously (Langens- 
Gerrits and De Klerk 1998). Various lily hybrids and species were used. Lilium x cv. Star Gazer, an 
oriental hybrid, was used in most experiments. L. longiflorum cv. Snow Queen, L. speciosum cv. 
Rubrum no.10 and L.x cv. Connecticut King, an asiatic hybrid, were used in one experiment for 
comparison. The standard medium consisted of full-strength MS-salts (Murashige and Skoog 1962), 88 
mM sucrose, 100 mg l-1 myo-inositol, 0.4 mg l-1 thiamine-HCl, 0.27 |jM naphthaleneacetic acid (all 
chemicals supplied by Duchefa) and 0.6% agar (BBL granulated, Becton & Dickinson). Experiments 
were repeated at least once. Complete scales and large (3x15 mm) or small (3x5 mm) scale segments 
were cultured with their abaxial side on the medium. Large explants were used in most experiments.
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Unless stated otherwise, explants were cultured in the dark for 12 weeks at 25 °C and subsequently for 
four weeks at 15 °C. Then, regenerated bulblets were excised from the explant and kept at 5 °C for ten 
weeks on moist filter paper in Petri dishes to break dormancy (Langens-Gerrits and De Klerk 1998). The 
bulblets were weighed individually before they were planted in soil and grown at 17 °C under white light 
(Philips) at 70 jmol m-2 s-1 for 16 h per day. Most bulblets sprouted within a few weeks after planting. 
The percentage of sprouted bulblets was recorded weekly after planting. The number of bulblets with a 
stem was expressed as a percentage of the total number of sprouted bulblets.
Histological observations
Apical meristems were fixed in 4 % glutaraldehyde in phosphate buffer, pH 6.8, and rinsed in 
the same buffer. Then, they were dehydrated in an ethanol series and embedded in Spurr's resin. 
Longitudinal sections, made on a Sorvall MT 5000 microtome, were mounted on glass slides, stained 
with Toluidin blue and examined under the light microscope.
Elemental analysis
For mineral analysis, tissue samples were freeze-dried, pulverized and 100-200 mg dry powder 
was digested in four ml 65% HNO3 plus one ml H2O2 (30 %) in a Milestone microwave digestion-oven 
(MLS-1200 Mega) with a MDR-300 s-1 rotor. Samples were digested for one min at 250 W followed by 
two min without heating, five min at 250 W, five min at 400 W and finally five min at 600 W. The 
volume of the digest was brought to 100 ml with distilled water and the composition of the sample was 
analyzed with an ICP-emission spectrometer (‘Spectroflame', Spectro Analytical, Kleve, Germany). 
Elements were analyzed in two independent experiments
Results
Morphology of juvenile and adult bulblets
A lily bulb consists of a compressed stem (the basal plate), to which swollen petioles, 
the scales, are attached. In sprouting juvenile bulblets, the apical meristem splits off one or a 
few leaf or scale primordia but internodes do not elongate and no stem develops. Adult 
bulbs sprout with a stem with stretched internodes and many leaves.
Complete scales were cultured in vitro for 12 weeks at 25 °C followed by four weeks 
at 15 °C. Bulblets were dissected and most scales were removed. No correlation was found 
between the number of scales and the juvenile or vegetative adult state. In juvenile bulblets, 
in general only one or two leaf primordia, attached to the basal plate, were visible in the 
bulblet. These primordia develop into expanded leaves after sprouting and the petioles swell 
to form scales later on. In adult bulblets, a stem primordium with three to eight leaves
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attached to the stem was present and the internode at the basis of the stem was clearly 
stretched. The most basal stem leaf enveloped the rest of the primordium.
Juvenile and adult apical meristems were similar in size (Fig. 1a and 1b) as was 
apparent from a light-microscopical study of longitudinal sections. There was no tunica- 
corpus structure in the juvenile apical meristem. In the adult apical meristem, on the 
contrary, a clear and well-developed tunica of two cell layers was present. The cells were 
smaller which indicates more mitotic activity in adult than in juvenile apical layers. Elongating 
corpus cells were visible below the tunica layers.
The differences in cellular activity were mirrored by the performance of the bulblets 
after planting in soil. Adult bulblets grew about two times faster than juvenile bulblets of the 
same weight (Table 1). The presence of a stem primordium in adult bulblets led to the 
development of a larger total area of the photosynthesizing leaves. When leaves were 
removed from the stem during growth in soil, bulb growth decreased proportionally to the 
number of leaves removed (not shown).
Table 1. Weight of juvenile and adult bulblets planted at equal weight and grown during 16 weeks in 
soil. Values represent means ± SE (N = 10).
Developmental state Juvenile Adult
FW at planting (mg) 317 ± 19 322 ± 24
FW at harvest (mg) 1151 ± 118 2043± 142
Relation between bulblet weight and developmental state
Bulblet weight proved to be a very important factor determining phase change: in 
large bulblets, a stem developed more often than in small ones regenerated under identical 
conditions (Fig. 2). Under all conditions studied, the minimum weight for stem formation was 
about 100 mg FW (fresh weight). Bulblets over 800-900 mg FW, on the other hand, almost 
always developed a stem under inducing conditions. In the intermediate weight class of 
100-800 mg, the percentage of juvenile and adult bulblets in the same weight categories 
depended on the culture conditions (Figs 2-5). In further experiments, phase change was 
studied in bulblets of the intermediate weight class.
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Figure 1. Longitudinal sections of the apical meristem of juvenile (1a) and adult (1b) lily bulblets as 
seen under the light microscope. Magnification: 150x.
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Fresh weight at planting (mg per bulb)
Figure 2. Stem formation in bulblets of different weight regenerated in vitro on complete scales, large 
or small explants cultured at 88 mM sucrose for 12 weeks at 25 °C followed by four weeks at 15 °C .
The relation between bulblet weight and developmental state was also apparent in 
the other species and hybrids studied: L. longiflorum  ‘Snow Queen', L. speciosum  ‘Rubrum 
No.10' and L.x ‘Connecticut King'. The threshold weight for stem formation was similar in all 
types and was 100-200 mg FW. The bulb weight at which 100% stem formation occurred 
was more variable and was lower for ‘Connecticut King' than for L. x  ‘Star Gazer'.
Effect of lowering the temperature on the phase transition
No stems formed in bulblets cultured for 12 weeks at 25 °C but stem formation did 
occur in a subsequent period of four weeks at 15 °C (Table 2). This raised the question 
whether the temperature shift is a requirement for the phase change. In the experiment, 
large explants, cultured for 12 weeks at 25 °C were further cultivated either at 15 °C or 25 °C 
for four weeks. Only bulblets of 300-400 mg FW were taken into account. The temperature 
shift proved to be essential (Table 2). The majority of the bulblets formed a stem after the 
temperature shift and no stems formed in bulblets kept at the same temperature.
No stem formation occurred in bulblets cultured for 12 weeks at 15 °C and only a low 
percentage of the bulblets formed a stem after 16 weeks at 15 °C. Thus, competence to 
react to the low temperature, hardly developed at the low temperature.
Another question concerned the length of the inductive period. Bulblets regenerated 
for 12 weeks at 25 °C were subjected to the lower temperature for zero to four weeks. The 
minimal period at 15 °C to induce maximal stem formation was two weeks (Table 2).
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Table 2. Effect of a temperature shift during regeneration on the percentage of bulblets that sprout with 
a stem. Large explants were cultured for 12 weeks at 25 °C. Culturing was continued for zero to four 
weeks at reduced temperature. Controls were continuously cultured at 25 °C and 15 °C for 12 or 
16 weeks. About 20 bulblets were planted per treatment.
Temperature treatment during regeneration in 
vitro
Bulblets (300-400 mg FW) that sprout with a stem 
(%)
16 weeks 25 °C 0
12 weeks 25 °C + 4 weeks 15 °C 58
12 weeks 15 °C 0*
16 weeks 15 °C 13*
12 weeks 25 °C 0
12 weeks 25 °C + 1w 15 °C 17
12 weeks 25 °C + 2w 15 °C 55
'Regenerated at 264 mM sucrose
To study what time is minimally required for regenerating bulblets to become 
competent for the phase change, large explants were cultured for various periods at 25 °C, 
and then treated for four weeks at 15 °C. Stem formation still occurred when the culture 
period at 25 °C was six weeks, but was greatly stimulated by prolonged culture (Fig 3). The 
percentage of adult bulblets increased faster than is visible in Fig. 3 as bulblets grew larger 
during the period of prolonged culture.
In conclusion, competence to undergo the phase change greatly increased during the 
second half of the period at 25 °C. For induction of the phase change, a short culture period 
(two weeks) at lower temperature (15 °C) was essential.
Effect of nutritional factors on the phase change
Development of competence was highly dependent on bulblet weight (Fig. 2), which 
indicates that nutritional factors play an important role. Major nutritional factors that influence 
bulb growth in vitro are explant size, sucrose and minerals (Langens-Gerrits, et al. 2003). 
On large explants, bulblets have approximately twice the weight of that of bulblets on small 
explants.
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400-500 mg
100-200 mg
Figure 3. Effect of the length of the regeneration period at high temperature on stem formation. 
Bulblets were regenerated in vitro on large explants cultured at 264 mM sucrose for six to 12 weeks at 
25 °C followed by four weeks at 15 °C. Bulblets were placed in weight classes according to fresh weight 
at planting.
Effect of explant size
The effect of explant size was studied by comparing stem formation in bulblets 
regenerated on large explants with bulblets on complete scales and small explants. More 
stems were formed in the bulblets on scales than on large explants but no stem formation 
occurred in bulblets from small explants (Fig. 2). Presence of the complete explant was not 
essential during the period of induction of the phase change. Stem formation was very 
similar whether bulblets grew during the four weeks at 15 °C  attached to the original explant 
or to a piece cut to a small size. However, when bulblets were excised from the explant and 
kept on moist filter paper during the 15 °C-treatment, no stems formed. This suggests that 
certain components from the medium or the explant are needed for stem formation.
Effect of sucrose
The influence of sucrose on maturation was evident from the fact that more stems 
formed in bulblets regenerated at high than at low sucrose concentration (Fig. 4a). The 
stimulating effect was present on all types of explants, even on the small ones (Table 3).
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Sucrose concentration 
throughout culture (mM)
400-500 mg 
300-400 mg 
200-300 mg 
100-200 mg
- a -  600-800 mg 
400-600 mg 
- v -  200-400 mg 
100-200 mg
Sucrose concentration 
during culture at 15°C (mM)
Figure 4. Effect of sucrose present (a) during the entire culture period and (b) during the induction and 
expression phase, on stem formation. Bulblets were either regenerated on large explants at various 
sucrose concentrations for 12 weeks at 25 °C followed by four weeks at 15 °C (a) or on large explants 
cultured at 88 mM sucrose for 12 weeks at 25 °C, followed by four weeks at 15 °C at a range of sucrose 
concentrations (b). Bulblets were placed in weight classes according to fresh weight at planting.
In the previous experiments, the explants were exposed to various sucrose 
concentrations from the onset of culture. However, sucrose might exert its effect mainly 
during the actual period of induction. To test this, explants were first grown for 12 weeks at 
25 °C at 88 mM sucrose, and then at various sucrose concentration during the four weeks at 
15 °C. Contrary to the effect of sucrose during competence development, raising the 
concentration up to 264 mM had only a small positive effect on stem formation (Fig. 4b).
Effect of minerals
To study the effect of the minerals on the phase change, explants were cultured at a 
range of concentrations of MS-salts. In bulblets of the same weight category, stem formation 
decreased with increasing concentrations of MS-salts (Fig. 5) and most bulbs with a stem 
developed at 0.1 times the standard concentration. In contrast, bulb growth was negatively 
affected by such a reduction as the average FW per bulblet was only 30% of the weight at 
the standard MS-concentration.
Thus, the concentration of minerals in the medium strongly changed the relation 
between bulb weight and phase transition.
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Table 3. Effect of explant size on the percentage of bulblets that sprouted with a stem. Bulblets were 
regenerated for 12 weeks at 25 °C followed by four weeks at 15 °C. About 25 bulblets of 200 -  300 mg 
FW per treatment were selected at planting.
Sucrose concentration
Bulblets sprouting with a stem (%)
(mM)
Small explants Large explants Complete scales
88 0 7.1 63.2
176 4.0 41.7 92.0
Effect of the mineral concentration in the medium on the accumulation of minerals
In the previous experiments, the changes in concentration of minerals that alter the 
extent of stem formation are, in principle, large enough to be reflected in the mineral 
composition of the tissue. The minerals may be expected to exert their effect through a 
change in the biochemical composition of the regenerating bulblets. Therefore, the content 
of minerals was quantified in bulblets regenerated at a range of MS-concentrations. Bulblets 
of the intermediate weight class over 250 mg FW were selected for analysis.
Surprisingly, the content of most minerals (K, Mg, Ca, S, B, Fe, Zn, Al, Cu, Ni, Mo 
and Mn) was only little affected by the concentration of minerals in the medium. Only 
phosphorus content increased with increasing MS-concentrations, which coincided with 
decreased stem formation (Fig. 5).
Concentration of minerals 
(x MS standard concentration)
Figure 5. Effect of the concentration of Murashige and Skoog (MS)-minerals on stem formation in 
bulblets of 100-200 (■) and 300-400 (•) mg FW and on phosphorus content (□) of these bulblets (|jmol 
g-1 FW). Bulblets were regenerated on large explants cultured at 88 mM sucrose and a range of 
concentrations of Murashige and Skoog (MS)-salts for 12 weeks at 25 °C followed by four weeks at 
15 °C.
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Discussion
The vegetative phase change in lily occurs after maximally two growing seasons 
under natural conditions. The whole developmental process was modeled in a tissue culture 
system and reduced in time to a couple of months. For the first time, the timing of the 
induction of the vegetative phase change in lily was determined. Competence development 
for the phase change required culture at high temperature (25 °C). Phase change is induced 
by a culture period at 15 °C. The observations confirm the theory that a period of 
competence development precedes phase transition in the tissue meristem (McDaniel 1984, 
Christianson and Warnick 1985). Only competent meristems can respond to the inductive 
signal (e.g. low temperature or photoperiod) that causes the switch to a new developmental 
program.
The competence to undergo phase change strongly correlates with bulb size. The 
minimum size is about 100 mg FW. Bulblets over 800-900 mg almost always form a stem 
under inductive conditions (Fig. 2). In even larger bulbs (1-1.5 g FW, D. van Kleinwee, 
personal communication), no inductive treatment is required anymore. In bulblets of the 
intermediate weight class (100-800 mg), the competence to form a stem increases with size 
and the phase change is induced by a temperature shift. Bulb size and competence for 
phase transition are also correlated in other lily species and hybrids in vitro (not shown) as 
well as in vivo (Matsuo and Arisumi 1978). A sufficiently large size as crucial factor for phase 
change is well known for the induction of flowering in other bulbs (Fortanier 1973) and 
woody plants (Hackett 1985). For flower bulbs, it is unknown which elements of the growth 
process contribute to the development of competence (LeNard and DeHertogh 1993).
Transition to the generative adult phase only occurs when the apex has obtained a 
certain size in Chrysanthemum  (Cockshull 1985) and Triteleia (Han et al. 1991). In Hedera, 
the apical meristem is larger in the adult than in the juvenile apex (Hackett and Cordero
1987). This does not seem to be the case in lily (Fig. 1) nor in Iris (Doss and Christian 1979).
A  requirement for induction of vegetative phase transition is a culture period of two 
weeks at lower temperature (Table 2). For the transition to flowering, L. longiflorum  also 
needs at least two weeks of low temperature (Weiler and Langhans 1972). As shown in our 
experiments, prolonged culture at high temperature before induction, stimulates phase 
transition. Stimulation of phase transition by lower temperatures and prolongation of the 
juvenile state by high temperature is observed in various species (Hackett 1985).
The transition from the juvenile to the adult phase is accompanied by an increase in 
the number of cell divisions in the meristem and formation of a tunica-corpus structure
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(Fig. 1). The reorganization of the apical meristem enables the formation of a stem with 
elongating internodes and stem leaves (Fig. 1). The increased activity of the meristem may 
be a preparation to the actual phase change. It is possible that actually the increase in the 
number of leaves, induces the phase change via a mechanism of node-counting (Sachs 
1999). Also for the transition to flowering, an increase in the rate of cell division is generally 
observed (Bernier 1988). Faster leaf initiation in mature primordia than in juvenile ones 
occurs in Cineraria (Atherton et al. 1998) and Hedera (Hackett and Cordero 1987).
The correlation between phase change and bulb size (Fig. 2) is not absolute as the 
effect of bulblet weight is modified by external factors (Figs. 3-5). These modifications 
become visible when the competence for stem formation is compared in differently treated 
bulblets of equal weight. The relation between bulb growth and development is most 
strongly modified by the MS-minerals. MS-minerals stimulate bulb growth but do not seem to 
affect the rate of development. As a consequence, the percentage of adult bulblets 
increases in the lower weight categories when the concentration of minerals is reduced. 
Stimulation of growth by the MS-minerals coincided with high phosphorus content in the 
bulblets. Possibly, phosphorus plays a role in the stimulation of bulb growth. If elements 
other than phosphorus influence bulb growth, this is not reflected in changes in mineral 
composition in regenerating bulblets.
The effect of bulblet weight on phase change (Fig. 2) may be related to the age of the 
bulblets. Some bulblets arise a few weeks later on the explant than others (Langens-Gerrits 
et al. 2003). This suggests that large bulblets are older than small ones and therefore more 
mature. In line with this, the length of the period of competence development, affects phase 
transition independent of an effect on bulb size (Fig. 3). These observations indicate that for 
vegetative phase change in lily, physiological age may be more important than attainment of 
a certain critical size, which would contrast the observed importance of size per se for phase 
transition (Hackett 1985, Poethig 1990).
Other factors also modify the correlation between phase change and bulb size but in 
a less dramatic way. Explant size (Fig. 2) stimulates phase change independently of bulb 
growth. Lily tissue may contain factors that stimulates phase change and on large explants, 
bulblets may receive more of them. On big complete scales more adult bulblets are formed 
than on small ones (Matsuo and Arisumi 1978).
Sucrose may play a role in the observed stimulation of cell division in the apex 
(Fig. 1), possibly by sugar-sensing in meristem cells (Smeekens 1998). Sucrose induces cell 
divisions in dormant excised buds of Helianthus (Ballard and Wildman 1964) and stimulates 
generative phase change in Arabidopsis (Roldan et al. 1999), in Sinapis alba (Bodson 1977)
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and Brassica campestris (Friend et al. 1984). The positive effect of sucrose on stem 
formation in lily has been described earlier (Takayama et al. 1982).
Under natural conditions, a lily bulb sprouts in the spring and the shoot dies in the 
autumn. The bulblets fall off the plant at the end of the season and sprout in the next 
growing season. Thus, the phase transition only becomes visible in the next growth cycle. It 
is not exactly known when the phase change occurs during the growing season. As a period 
of low temperature is an almost absolute requirement for phase transition, the change would 
likely occur at the end of the growing season. Under natural conditions, 100% stem 
formation occurs in bulblets of roughly 2.5 - 3 g FW (H. Kok, unpublished), which is higher 
than in tissue-cultured bulblets. This is another aspect of the artificial reduction of the 
duration of the seasons which takes place in vitro.
Knowledge about the regulation of stem formation is important from a horticultural 
point of view as bulblets that sprout with a stem after planting grow faster than bulblets that 
sprout with only leaves (Langens-Gerrits et al. 1997). The culturing at low temperature that 
is essential for the formation of a stem, is generally not applied in commercial propagation in 
vitro.
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Abstract
Dormancy development in four Lilium  genotypes, L. speciosum, Star Gazer, 
Connecticut King and Snow Queen regenerated in vitro was compared. Major factors 
influencing dormancy development were the same for different genotypes and especially 
L. speciosum  and Star Gazer, that are closely related, reacted similarly. Temperature was 
the main factor in dormancy induction and breaking. The range of temperatures that induced 
dormancy and the level of dormancy that developed differed per genotype. In Star Gazer, 
dormancy developed gradually but in Snow Queen, dormancy developed very fast. The 
reactions to temperature, reflected the climate in the area of origin. Abscisic acid deepened 
the level of dormancy induced by temperature but had no effect under non-inductive 
temperature conditions. When abscisic acid synthesis was blocked, no dormancy 
developed.
Dormancy in all genotypes was broken by cold incubation for several weeks. The 
cold requirement of the genotypes differed in line with the natural winter conditions in their 
habitat. The effect of hormones on dormancy breaking was also investigated. A gibberellin 
treatment of 24 h broke dormancy in L. speciosum, Star Gazer and Snow Queen.
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Introduction
Plants develop dormancy to survive adverse climatic conditions (Villiers 1975). Most 
lilies develop dormancy to survive a cold winter; their bulbs sprout and grow during spring 
and summer. Dormancy in flower bulbs is regarded as a period during which there are no 
apparent external morphological changes. Internally, however, many physiological and 
morphological events, such as flower development or leaf formation are occurring (Le Nard 
and De Hertogh 1993). Dormancy in lilies is broken by a cold period of several weeks at 
approximately 4 °C; the time needed for dormancy breaking differs with species and 
genotype (Beattie and White 1993).
A  lily bulb consists of a compressed stem, the basal plate, to which swollen petioles 
without leaf blades, the scales, are attached. When dormancy has been broken, the stem 
primordium, located in the centre of the bulb, elongates and leaves unfold. In small lily 
bulblets, however, no stem internodes are formed. The primordium in the centre of such 
bulbs does not elongate, but splits off one or a few leaves whose petioles swell to form leaf- 
blade bearing scales later in the season. This can be compared with the growth of a rosette 
plant in which internodes are also almost absent.
Lily bulblets regenerated in vitro grow in a similar way: the primordium splits off 
scales without leaf-blades or leaves whose petioles swell to form scales. Also in vitro, lily 
bulblets develop dormancy and dormancy is broken by a cold period of several weeks. The 
level of dormancy that develops depends on the culture conditions. During the period in 
vitro, the development of dormancy does not lead to an arrest of growth but rather to a 
switch in the capability of the primordium to develop a leaf-blade. After induction of 
dormancy, the leaf primordia always develop into a scale and external changes are no 
longer visible (Delvallee et al. 1990). When dormancy is broken, tissue-cultured bulblets 
sprout just like small bulblets that are propagated in soil.
Tissue culture offers an excellent system to study dormancy development: culture 
conditions can be controlled accurately and interactions with other plant parts are restricted 
to exchange with the explant (a small part of a bulbscale) from which bulblets regenerate in 
vitro. Key factors controlling dormancy development were already identified in L. speciosum: 
temperature, abscisic acid (ABA) and sucrose (Aguettaz et al. 1990, Delvallee et al. 1990, 
Djilianov et al. 1994, Kim et al. 1994). Bulblets of this species, regenerated at 20-25 °C are 
more dormant than bulblets regenerated at lower temperatures. Viable bulblets regenerated 
in less than 6 weeks are non-dormant and the dormancy level increases with bulblet age. 
When ABA-synthesis is blocked, no dormancy develops. However, addition of ABA does not
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affect the dormancy level in bulblets regenerated at low (15°C) or higher (20°C) 
temperatures. The level of dormancy increases with the sucrose concentration. Dormancy is 
broken by a cold treatment of 6 weeks (Delvallee et al. 1990), or exposure to gibberellins for 
24 h (Gerrits et al. 1992).
Knowledge of mechanisms controlling dormancy development in vitro is important in 
horticulture: dormancy may decrease propagation rates (De Klerk and Gerrits 1996). In the 
final propagation cycle a low level of dormancy is desirable to prevent precocious sprouting 
in vitro. The dormancy should not be too deep because a long dormancy breaking treatment 
may damage the tissue and prolong the growth cycle. Induction of the desired level would 
require a careful adjustment of the culture conditions. In the present work, we studied 
whether major factors controlling dormancy in L. speciosum  also control dormancy in other 
lilies regenerated in vitro. The study of different genotypes allowed us to clarify the role of 
temperature and ABA in dormancy induction. Furthermore, we wanted to know whether 
differences in dormancy development between species or genotypes are similar in vitro and 
in vivo. Therefore, we chose genotypes from different habitats: Lilium ‘Star Gazer', an 
Oriental hybrid from the section Archelirion, closely related to L. speciosum. Lilium 
'Connecticut King', an Asiatic hybrid, from the section Sinomartagon and L. longiflorum  
'Snow Queen', from the section Leucolirion, a species that does not develop deep 
dormancy. Data on L. speciosum  published before, are presented for sake of comparison.
Materials and Methods
Culture in vitro
Bulbs were stored for 6 weeks after harvest at 5 °C. Then, they were packed in moist peatmoss 
and stored at -1 °C until use. Clean and healthy scales were rinsed in 70% ethanol for 30 s, surface- 
sterilized for 30 min in 1% (w/v) NaOCl with a few drops of Tween-20 (Sigma) and rinsed three times 
with sterile deionized water. Explants of 7x7 mm, cut from the basal part of a scale, were placed with 
the abaxial side down on 15 ml medium in culture tubes. Standard medium contained MS macro- and 
micro-elements (Murashige and Skoog 1962), 100 mg/l myo-inositol (Sigma), 0.4 mg/l thiamine-HCl 
(Sigma), 3% (w/v) sucrose, 0.25 |jM a-naphthaleneacetic acid (NAA, Sigma), 0.6% (w/v) agar (BBL 
granulated) at pH 6.0. Filter-sterilized fluridone (1-methyl-3-phenyl-5-(3-[trifluoromethyl]-phenyl-4-(1H)- 
pyridone, Duchefa), an inhibitor of ABA-synthesis (Zeevaart and Creelman 1988), was added after 
autoclaving. Abscisic acid (ABA, Fluka) was added before autoclaving. Bulblets were cultured at the 
indicated temperatures in the light (16 h per day, 30 jmol.m-2.s-1). After 11 weeks of culture, bulblets 
were harvested from the explant and leaves and roots were excised. The standard conditions were 
changed as indicated for individual experiments.
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For dormancy breaking at low temperature, bulblets were stored for several weeks on moist 
filter paper in a Petri dish at 2-5 °C in the dark. For dormancy breaking with gibberellins, bulblets were 
soaked for 24 h in an aqueous solution (50 bulblets in 100 ml) of 0.1-10 mg/l GA4+7 (Berelex, ICI, 
Holland).
Determination of the dormancy level
About fifty bulblets per treatment were planted in soil and cultured at 17 °C at 16 h light 
(20 jmol.m-2.s-1) per day. Emergence was scored weekly and after 10 weeks the number of rotten and 
dormant bulblets were recorded. Dormant bulblets did not lose the capacity to sprout: they sprouted 
after a (longer) cold treatment. When left in soil, they emerged after about 30 weeks (De Klerk et al. 
1992). The dormancy level was expressed as the percentage of viable bulblets that had not sprouted 
after 10 weeks in soil or as the number of weeks at low temperature needed for emergence. The 
standard error of the dormancy level was calculated from three samples.
Results
Dormancy induction
Effect o f temperature
Bulblets of L. speciosum  and the cultivars Star Gazer, Connecticut King and Snow 
Queen were regenerated in vitro from scale explants for 10-12 weeks at various 
temperatures. Then, bulblets were excised from the explant and planted in soil. In all 
genotypes, dormancy developed at 20° and 25 °C. In addition, dormancy was induced at 
15 °C in Snow Queen and at 30 °C in Connecticut King. The maximum level of dormancy in 
Connecticut King was lower than in the other genotypes (Fig. 1a and b). So, both the 
temperature range that induced dormancy and the level of dormancy that was induced by a 
certain temperature, were different for L. speciosum , Snow Queen and Connecticut King but 
similar for L. speciosum  and Star Gazer. At 30 °C, explants of the latter genotypes died and 
no bulblets regenerated.
Dormancy development in time
The development of dormancy in time was studied in relation to viability in Star Gazer 
and Snow Queen at 20 °C (Fig. 2a and b). In Star Gazer, the dormancy level gradually 
increased with bulblet age: four-week-old bulblets were non-dormant but after 10 weeks the 
bulblets had acquired a high dormancy level (Fig. 2a). In Snow Queen, dormancy developed 
much faster and viable bulblets were immediately dormant (Fig. 2b).
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LS SG
CK SQ
Temperature (°C) Temperature (°C)
Figure 1. Dormancy levels in lily bulblets regenerated in vitro at different temperatures. After 
10-12 weeks of culture in vitro, bulblets were excised from the explant and planted in soil at 17 °C in the 
light (16 h per day). After 10 weeks in soil, the number of sprouted, dormant and rotten bulblets were 
determined. Dormancy was calculated as percentage of the surviving (sprouted plus dormant) bulblets. 
A: Lilium speciosum (LS) and 'Star Gazer’ (SG). B: 'Connecticut King’ (CK) and 'Snow Queen’ (SQ).
%viable % dorm.
Regeneration time (weeks) Regeneration time (weeks)
Figure 2. Dormancy levels and viability in bulblets of different age. Lily bulblets were regenerated in 
vitro at 20 °C. At the indicated times, bulblets were excised from the explant and planted in soil at 17 °C 
in the light (16 h per day).
A: dormancy (% dorm.) and viability (% viable) of 'Star Gazer’ (SG)
B: dormancy and viability of 'Snow Queen’ (SQ)
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Time at low temperature (weeks)
0 ABA
0.1 ABA
1 ABA
Figure 3. Effect of ABA on dormancy levels of 
bulblets of ‘Star Gazer' (SG), ‘Snow Queen' (SQ) 
and ‘Connecticut King' (CK). Bulblets were cultured 
for 11 weeks in the absence or presence (0.1 or 
1.0 mg/l) of ABA at 20 °C and then excised from the 
explant. After cold incubation for the indicated 
number of weeks, bulblets were planted in soil at 
17 °C in the light (16 h per day).
Effect o f light
In Snow Queen, light affected the level of dormancy 
that developed during regeneration at 25 °C. Bulblets 
regenerated in the light (16 h per day) were less dormant 
than bulblets regenerated in the dark. When light- or dark- 
grown bulblets were planted in soil, emergence differed 
significantly (80% and 58% respectively). White light had 
no effect on the dormancy level in L. speciosum  (Paffen et 
al. 1990).
Effects o f ABA and fluridone
When ABA was added to bulblets cultured at 20 °C, dormancy became deeper 
(Fig. 3). This was shown by giving Star Gazer bulblets a cold treatment of 4 weeks. After 
regeneration in the presence of ABA, only few bulblets sprouted after the mild cold treatment 
(Fig. 3a). Without ABA, dormancy was almost completely broken. A similar effect of ABA 
was seen in Connecticut King regenerated at 20 °C (Fig. 3c), in Snow Queen at 20 °C 
(Fig. 3b) and 15 °C (not shown), but not in L. speciosum  at 20 °C (Kim et al. 1994).
At temperatures where no dormancy developed (Star Gazer at 15 °C, Snow Queen 
at 30 °C), ABA did not induce any dormancy (not shown). This was not due to lack of 
penetration of the hormone: ABA was active in the tissue as it inhibited leaf formation at all 
temperatures tested. Also in L. speciosum , ABA did not induce dormancy at 15 °C (Kim et 
al. 1994) but inhibited leaf formation (Gerrits and De Klerk 1992). However, ABA was 
essential for dormancy development. When ABA-synthesis was inhibited by fluridone, no 
dormancy developed in any of the four genotypes studied (Fig. 4).
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Figure 4. Effect of fluridone on the dormancy level in Lilium speciosum (LS), ‘Star Gazer' (SG), 
‘Connecticut King' (CK) and ‘Snow Queen' (SQ). Bulblets were regenerated in vitro at 20 °C and after 
11 weeks they were excised from the explant and planted in soil at 17 °C in the light (16 h per day). 
Fluridone concentrations used were 0.3 mg/l for LS, 1.0 mg/l for SG, 0.1 mg/l for CK and 1.0 mg/l for 
SQ. Flur, fluridone.
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Figure 5. Effect of dormancy breaking with low temperature on the dormancy level of ‘Star Gazer' (SG), 
Lilium speciosum (LS), ‘Snow Queen' (SQ) and ‘Connecticut King' (CK). Bulblets were cultured for 
11 weeks at 20 °C or 25 °C and then excised from the explant. Dormancy was broken by cold 
incubation for the indicated number of weeks. After dormancy breaking, bulblets were planted in soil at 
17 °C in the light (16 h per day). Sprouting was calculated as percentage of viable bulblets.
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Dormancy breaking
Effect o f temperature
In all genotypes studied, dormancy was broken by incubation for several weeks at
5 °C. The duration of the cold treatment needed for complete removal of dormancy differed 
per genotype and ranged from 6  weeks or more in Star Gazer and L. speciosum  to 2 weeks 
in Snow Queen (Fig. 5a-d). A comparable level of dormancy in different genotypes (Fig. 1) 
was sometimes broken with a long cold treatment and sometimes with a short cold 
treatment, depending on the genotype. That in Star Gazer and L. speciosum  a deeper level 
of dormancy develops at 25 °C than at 20 °C is revealed by the stronger dormancy breaking 
effect of a short cold treatment on bulblets regenerated at 20 °C than on those regenerated 
at 25 °C (Fig. 5a, b). In Snow Queen bulblets regenerated at 15 °C and in Connecticut King 
bulblets regenerated at 30 °C, 4 weeks at low temperature were sufficient to break 
dormancy. The data obtained with L. speciosum  are in agreement with previous findings 
(Delvallée et al. 1990).
Other dormancy-breaking factors
In three of the four genotypes, Snow Queen, Star Gazer and L. speciosum, 
dormancy was broken by a mixture of GA4 and GA7. Immersion in an aqueous solution of 
GA4+7 for 24 h broke dormancy completely (Fig. 6, Star Gazer not shown). In Snow Queen, 
dormancy was also broken by a heat treatment in water at 45 °C for 0.5 h. Such a heat 
treatment had no effect on dormancy breaking in Star Gazer.
LS
S Q
G A 4 + 7  (mg/l)
Figure 6. Effect of dormancy breaking by gibberellins on the dormancy level of L. speciosum (LS) and 
‘Snow Queen' (SQ). Bulblets were regenerated in vitro at 20 °C for 11 weeks. Dormancy was broken by 
immersion for 24 h in an aqueous solution containing gibberellins A ^  (0.1, 3 or 10 mg/l). Then, bulblets 
were rinsed three times with deionized water and planted in soil.
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Discussion
Dormancy development and dormancy breaking were compared in bulblets of four lily 
genotypes regenerated in vitro.
The temperature range that induced dormancy and the level of dormancy induced at 
a specific temperature, differed for L. speciosum, Snow Queen and Connecticut King but 
were the same for L. speciosum  and Star Gazer. Most genotypes developed little dormancy 
at low temperature (15 °C). Only in Snow Queen the level of dormancy that developed, 
declined with increasing culture temperature. Bulblets of another genotype of L. longiflorum, 
‘Ace' also became dormant at 25 °C but hardly so at 30 °C (Stimart and Ascher 1981).
With respect to dormancy, the reaction of a plant to temperatures in vitro reflects its 
behaviour in the area of origin. L. speciosum  originates from Japan and mountainous areas 
of Western China (Abe 1980, Anderson 1988) where it grows in climates with cold winters 
and moderately warm summers. Dormancy develops at the end of the summer. The effect of 
temperature in vitro on the level of dormancy, mirrors the natural situation: dormancy 
develops at 20 and 25 °C, reflecting a temperate summer; the lack of dormancy 
development at 15 °C is as in vivo in the cool, early growing season. L. longiflorum  is a 
maritime plant of tropical nature growing in full sun, in moist coral pockets (Miller 1993, 
Stoker 1933). The absence of dormancy development in vitro at 30 °C, corresponds with 
bulb growth in the warm growing season.
Star Gazer and Connecticut King are not species but hybrids. Star Gazer most likely 
originates from crosses between L. speciosum  and L. auratum  (J. van Tuyl, personal 
communication), both from the section Archelirion. Lilies from this section are quite similar 
and have a narrow range of distribution (Anderson 1988). The similar behaviour in vitro of 
L. speciosum  and Star Gazer is therefore not surprising. Connecticut King is a hybrid 
originating from a large number of crosses within the section Sinomartagon (Leslie 1982), a 
taxon with a great variability and a wide area of distribution (Anderson 1988). The reaction of 
Connecticut King to in vitro temperatures is, therefore, difficult to trace back to a certain 
climate.
ABA was essential for dormancy induction. When ABA synthesis in the tissue was 
inhibited by fluridone, no dormancy developed in any of the genotypes studied, under 
otherwise inductive conditions (Fig. 4). In L. speciosum, fluridone was shown to reduce the 
endogenous ABA concentration. The effect of the inhibitor could be reversed by 
simultaneous addition of ABA (Kim et al. 1994). However, in addition to a sufficiently high 
endogenous ABA level, another still unknown factor is essential. This is inferred from our
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finding that ABA had no effect at temperatures where no dormancy developed (15 °C for 
L. speciosum  and Star Gazer and 30 °C for Snow Queen). Also, in bulblets of L. speciosum  
regenerated at 20° that are still too young for dormancy induction by temperature (Delvallée 
et al. 1990), ABA was ineffective (Kim et al. 1994). The absence of an effect of ABA on 
dormancy development was unlikely due to the inability of ABA to reach the meristem 
because ABA inhibited leaf formation under all conditions. Absence of an effect could also 
not be explained by a decreased sensitivity of the tissue to ABA. For L. speciosum, it was 
shown that bulblets regenerated at 15°C or young bulblets were very sensitive to the 
hormone (Djilianov et al. 1994).
W henever the temperature did induce dormancy, ABA enhanced the effect in a 
concentration-dependent way (Fig. 3). The pathway of ABA signal transduction leading to 
regulation of various physiological processes, is very complex and not yet elucidated 
(Bonetta and McCourt 1998). The results presented here suggest that in addition to 
temperature and ABA, another factor plays a major role in dormancy development in concert 
with ABA, maybe by an effect on ABA signal transduction.
Previously, ABA was reported (Kim et al. 1994) not to affect the dormancy level in 
11 week-old L. speciosum  bulblets cultured at 20 °C, whereas dormancy is completely 
induced at that moment (Fig. 1). Emergence of bulblets cultured with or without ABA was the 
same after a 2 week dormancy breaking treatment. Probably, two weeks of cold incubation 
was too short to visualize the ABA-effect because the number of sprouted bulblets in the 
control without ABA was rather low. For the same reason, the effect of ABA after 2 weeks of 
cold was much less pronounced than after 4 weeks in Star Gazer (Fig. 3a).
For various seeds and buds, it has been shown that ABA plays a role in dormancy 
development. Presence of ABA is essential for dormancy development in embryos, for 
example, in Helianthus (Le Page-Degrivy and Garello 1992) and Zea mays (Hole et al.
1989) but also in buds of Solanum  (Suttle and Hultstrand 1994). However, also here, ABA 
does not seem to be the main dormancy-inducing factor (Davies 1995, Heide 1986) because 
it did not induce dormancy under all conditions studied. On the other hand, in Poa bulbosa, 
a summer-dormant grass geophyte, ABA induced development of typical features of 
dormancy, such as bulbing at the base of the tillers and leaf senescence, under non- 
inductive short-day conditions (Ofir and Kigel 1998).
Dormancy was broken by a cold treatment or by gibberellins. L. speciosum  and Star 
Gazer had the highest cold requirement (Fig. 5) and Snow Queen the lowest. As in the case 
of dormancy induction, the long period at low temperature required in L. speciosum, is in 
agreement with the long cold winter in the area of origin, whereas the low cold requirement
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in Snow Queen mirrors less extreme temperature variations. Dormancy breaking by a 
gibberellin treatment at ambient temperature was shown earlier (Niimi et al. 1988) for 
L. rubellum. Previously, we showed for L. speciosum  that cytokinins (6-benzylaminopurine), 
auxins (indole-3-butyric acid) or fluridone are not effective for dormancy breaking (Gerrits et 
al. 1992). There is only limited evidence that cytokinins play a role in dormancy in other 
bulbous plants (Miedema and Kamminga 1994). In lily bulbs propagated in soil, dormancy is 
also broken by gibberellins (Ohkawa 1979, Wang and Roberts 1970). This may indicate that 
gibberellins play a role in natural dormancy breaking in lilies.
Apart from temperature, some other environmental factors affect dormancy in specific 
varieties. In Snow Queen, but not in Star Gazer, a heat shock broke dormancy. Light caused 
a lower dormancy level in Snow Queen, but was ineffective in L. speciosum  (Paffen et al.
1990). Similar effects of light and a heat shock were reported previously for L. longiflorum  
(Stimart et al. 1982) and, as far as light is concerned, for L. japonicum  (Ohshiro et al. 1997).
It is concluded that the factors controlling dormancy development are largely the 
same for the various lily genotypes cultured in vitro.
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Abstract
Lilies regenerating on scale segments may develop dormancy in vitro depending on 
the culture conditions. The dormancy is broken by storage for several weeks at a low 
temperature (5 °C). The effect of the low temperature on sprouting, time of leaf emergence 
and further bulb growth was studied. Dormant and non-dormant bulblets were regenerated 
in vitro on bulb scale segments cultured at 20 °C or 15 °C, respectively. The low 
temperature not only affected the number of sprouted bulblets but also the time of 
emergence. The longer the cold storage, the faster and more uniform leaf emergence 
occurred.
Both dormant and non-dormant bulblets grew faster after a low temperature 
treatment of six weeks. Thus, during dormancy breaking the tissue is prepared not only for 
sprouting but also for subsequent bulb growth. These processes are rather independent as 
low temperature stimulates growth in non-dormant bulblets whereas these bulblets sprout 
also without treatment at low temperature. Moreover, the hormone gibberellin induces rapid 
sprouting but has no influence on further bulb growth. Good growth in bulblets exposed to 
the low temperature coincided with production of an increased leaf weight. However, the 
relationship is not absolute as bulblets that were cold-treated for six weeks grew larger than 
bulblets cold-treated for four weeks but the formation of leaf biomass was similar.
During storage at low temperature starch was hydrolyzed in the bulb scales and 
sugars accumulated. This indicates that during this period, preparation for later bulb growth 
involves mobilization of carbohydrate reserves which play a role in leaf growth and 
development of the photosynthetic apparatus. Starch hydrolysis proceeded in the outer 
scales after planting. Approximately six weeks later, the switch from source to sink took 
place in the bulblet, which became visible as a deposition of starch in the middle scales.
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Introduction
Plants develop dormancy to overcome long periods with unfavorable growth 
conditions such as dry hot summers or cold winters (Vegis 1964). In dormant seeds or 
organs, no visible growth occurs, also not when conditions are favorable for growth (Juntilla
1988). Dormancy blocks germination and sprouting in a way that is still not well understood 
(Bewley 1997). Environmental conditions during the dormancy period trigger the 
developmental processes leading to dormancy breaking. At the same time, the tissue is 
prepared for resumption of growth. In seeds, resumption of growth coincides with, for 
example, water uptake (Bewley 1997) or breakdown of reserves (Jacobsen et al. 1995) 
needed to sustain the formation of a new plant.
In dormant flower bulbs, there are no apparent external morphological changes or 
growth, but internally, many physiological and morphological events occur, such as flower 
differentiation or root initiation (Le Nard 1983, Le Nard and De Hertogh 1993). In bulbs that 
are dormant in winter (such as lily and tulip), dormancy is broken by a period of several 
weeks at low temperature (approximately 4 °C).
In horticulture, small lily bulblets are regenerated from bulb scale segments in vitro 
and then planted in soil. It is thus important to know what factors regulate bulb growth after 
planting. The bulblets should sprout quickly and uniformly and produce efficiently 
photosynthesizing leaves so that bulbs increase rapidly in size. Two factors that have a 
major influence on growth are the developmental state of a bulblet and bulblet size 
(Langens-Gerrits et al. 2000). Adult bulblets grow faster than juvenile ones and large 
bulblets grow faster than small ones. Bulb growth in vitro depends on the sucrose 
concentration in the medium but also on the amount of parental tissue present during 
regeneration (Langens-Gerrits et al. 2003).
A  third factor is dormancy breaking. The bulblets regenerating on scale segments 
become dormant during growth in tissue culture, and sprout only after storage for several 
weeks at low temperature. The level of dormancy in a population of bulblets, as inferred 
from the percentage of bulblets that sprouts without a dormancy-breaking treatment, 
depends on the culture conditions during regeneration. Temperature, sucrose and abscisic 
acid are the main factors involved in dormancy development (Aguettaz et al. 1990, Delvallee 
et al. 1990, Kim et al. 1994, Djilianov et al. 1994).
The length of the period at low temperature required to induce 100% sprouting 
depends on the dormancy level of the population (Delvallee et al. 1990, De Klerk et al. 1992, 
Langens-Gerrits et al. 2001). During this period, the tissue is prepared for sprouting but also
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for subsequent bulb growth. An interesting question is whether these processes are 
independent. Rapid emergence can be induced by a short treatment (24 h) with gibberellins 
(Niimi et al. 1988) but gibberellin-treated bulblets do not grow after emergence (Gerrits et al. 
1992). Such a treatment thus uncouples induction of dormancy breaking and stimulation of 
subsequent bulb growth be it in a rather unnatural way. The effect of gibberellin would be 
more significant if the hormone could be shown to be equivalent to the cold treatment rather 
than lead to an artificial, non-physiological reaction. The relationship between dormancy 
breaking and stimulation of bulb growth can be addressed by studying the effect of the low 
temperature on subsequent growth of non-dormant bulblets.
During the low temperature period, carbohydrates are mobilized (Miller and 
Langhans 1990). The accumulated sugars could serve as building blocks and an energy 
source for the development of the photosynthetic apparatus which is essential for bulb 
growth. A quantitative relationship between the carbohydrate metabolism preceding 
sprouting and bulb growth later on has not been established.
The effect of low temperature on sprouting, emergence and further bulb growth was 
investigated in dormant and non-dormant bulblets. The gibberellin effect on dormancy 
breaking was studied in more detail in bulblets exposed to suboptimal low-temperature 
treatment and then treated with gibberellins. Changes in the starch content and sugar levels 
in various parts of the bulblets under conditions that fully or only partially break dormancy 
were quantified during cold storage and after planting in soil.
Materials and methods
Bulblet regeneration and dormancy breaking
Bulblets were regenerated from scale explants of Lilium speciosum ‘Rubrum No.10', essentially 
as described previously (Aguettaz et al. 1990, Langens-Gerrits and De Klerk 1998). Bulb scale 
segments of 3x12 mm were cultured on MS-medium (Murashige and Skoog 1962) supplemented with 
3% sucrose, 100 mg.l-1 myo-inositol, 0.4 mg.l-1 thiamine-HCl, 0.27 j M naphthaleneacetic acid (NAA) 
and 0.6% agar (BBL granulated) at a pH of 6.0 adjusted prior to autoclaving. Explants were cultured 
with their abaxial side on the medium in the dark at 15 or 20 °C, unless stated otherwise. After 9-12 
weeks, regenerated bulblets were excised from the explant. Dormancy was broken by storing the 
bulblets for 0 - 12 weeks at 5 °C in the dark on moistened filter paper. Alternatively, bulblets were 
soaked in an aqueous solution of the gibberellins A  ^and A7 ( ‘Berelex', ICI Holland BV) for 24 h at 20 °C 
on a shaker in dim-light. Fifty bulblets were treated in 100 ml of a solution containing 0.1 to 10 mg l-1 
gibberellin. After treatment, the bulblets were rinsed twice with demineralized water. When a gibberellin 
treatment and a low temperature treatment were combined, storage at low temperature preceded 
application of gibberellins.
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Planting and growth analysis
After dormancy breaking, bulblets were weighed individually, planted in rockwool plugs and 
grown in a growth chamber at 17 °C with 16 h light/ day of 70 |jmol.m-2.s-1. Emergence was scored 
weekly. The percentage of sprouting bulblets was calculated as a percentage of the viable (non-rotten) 
bulblets.
After 4, 8, 12, 16 and 20 weeks, samples of 25 bulblets were harvested and fresh and dry 
weights of the bulblets measured. Only sprouted bulblets were used for growth analysis.
Carbohydrate analysis
For carbohydrate analysis, the two outer scales or the middle parts of 25 to 30 bulblets were 
pooled, freeze-dried, pulverized and stored dry.
The three non-structural carbohydrate fractions present in lily tissue, starch, glucomannans and 
small sugars soluble in 80% ethanol (referred to as ‘soluble sugars', Miller 1993) were measured in 
tissue-cultured bulblets regenerated from 3x15 mm explants for 12 weeks at 25 °C. Soluble sugars were 
extracted from 50 mg of powdered freeze-dried tissue in 10 ml 80% ethanol heated first at 70 °C for 1 h, 
then at 20 °C for 0.5 h and finally at 70 °C for 6 h. After centrifugation, the supernatant was removed 
and the pellet was washed with 5 ml 80% ethanol and centrifuged. The supernatants (15 ml total 
volume) were combined and applied to a column with a layer of cation and a layer of anion exchange 
resin (Miller and Langhans 1989). The soluble sugars were eluted with 2 ml 80% ethanol, and the eluant 
was evaporated to dryness. The residue was dissolved in 2 ml HPLC-grade water, and 100 j l  was 
analyzed by HPLC (Dionex Corp., Sunnyvale, CA, USA) on a Carbo-PAC PA-1 column. The soluble 
sugars were eluted with a gradient from 0 to 250 mM sodium acetate in 200 mM NaOH and quantified 
with a pulsed amperometric detector.
The pellet remaining after the 80% ethanol extraction was resuspended in 5 ml water and left for 
4 h at room temperature to extract the glucomannans. The supernatant was collected after 
centrifugation, the pellet was washed in 3 ml water and after centrifugation, the supernatants were 
combined. Glucomannans were determined by the phenol-sulfuric acid method (Southgate 1976). 
Various concentrations of a 2:1 (molar) mixture of mannose and glucose, the ratio in native 
L. longiflorum glucomannan (Tomoda et al. 1978), were used for calibration. As a control, the 
glucomannans were treated with invertase and then assayed by Nelson's reducing sugar assay. The 
reducing sugar remaining in the glucomannan fraction, amounted to less than 1% of the total amount of 
soluble sugars previously extracted with ethanol. Starch was determined in the material left after 
glucomannan extraction essentially as described earlier (Miller and Langhans 1989). Carbohydrate 
content of the bulblets was determined in three independent experiments.
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Results
Differently dormant bulblets were obtained by culturing scale explants for 12 weeks at 
various temperatures. Bulblets were excised from the explant, stored at low temperature for 
up to 12 weeks and planted. The number of sprouted bulblets was counted after 12 weeks.
Emergence
Most bulblets regenerated at 15 °C are not dormant. However, some are dormant 
and dormancy is broken after only three weeks at 5 °C (Fig. 1). In contrast, most bulblets 
regenerated at 20 °C are dormant and six weeks at the low temperature are minimally 
required to induce sprouting. The percentage of dormant bulbs regenerated at 25 °C is 
almost the same as in bulblets regenerated at 20 °C although a somewhat longer period at 
the low temperature is needed to break dormancy completely. In most experiments, dormant 
and non-dormant bulblets regenerated at 20 and 15 °C respectively, were used.
The low-temperature treatment affected the time at which leaf emergence took place 
in non-dormant (Fig. 2a) as well as in dormant bulblets (Fig. 2b). The longer the cold 
treatment, the faster emergence occurred. Bulbets regenerated at 25 °C reacted similarly 
(not shown).
Figure 1. Effect of low temperature on the percentage of sprouted bulblets. Bulblets were regenerated 
from scale explants during 12 weeks at 15, 20 or 25 °C in vitro. Then, bulblets were excised from the 
explant, stored at low temperature (5 °C) for various periods and planted. The percentage sprouted 
bulblets was calculated after 20 weeks in soil. Each point is based on ca 50 (0 weeks storage), 75 
(3 and 6 weeks storage) or 125 bulblets (9 and 12 weeks storage).
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Figure 2. Effect of low temperature on emergence of non-dormant (2a) and dormant (2b) bulblets after 
planting. Non-dormant and dormant bulblets were regenerated from scale explants during 12 weeks at 
15 or 20 °C in vitro, respectively. Then, bulblets were excised from the explant, stored at low 
temperature for 0, 3 or 6 weeks (0CT, 3CT or 6CT) at 5 °C and planted. Each line is based on ca. 50 
(0CT) or 75 (3CT and 6CT) bulblets.
Bulb growth
The low temperature treatment also affected bulb growth after planting. Average 
bulblet weight at planting was 45 mg for bulblets regenerated at 15 °C and 75 mg for 
bulblets regenerated at 20 °C. Sixteen weeks after planting, the maximum bulblet weight 
was reached. Dormant as well as non-dormant bulblets, grew largest after a low 
temperature treatment of six weeks (Fig. 3). There was barely any growth in bulblets that 
had not been exposed to the low temperature. Similar results were obtained for bulblets 
regenerated at 25 °C (not shown).
20°C
15°C
Storage time at 5 °C (weeks)
Figure 3. Effect of low temperature on fresh weight (FW) of dormant and non-dormant bulblets after 
16 weeks in soil. Non-dormant and dormant bulblets were regenerated on scale explants in vitro during 
12 weeks at 15 or 20 °C, respectively. Then, bulblets were excised, stored at 5 °C for various periods of 
time, planted in soil and analyzed after 16 weeks. Average fresh weight per bulblet at planting was 45 ± 
4.3 mg and 75 ± 6.8 mg for non-dormant and dormant bulblets respectively. Each datapoint is the 
average weight of ca. 25 bulblets.
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Leaf formation
The stimulating effect of low temperature on bulb growth may be due to stimulation of 
leaf growth after planting. This was investigated by comparing leaf growth in cold-treated 
bulblets and in bulblets in which dormancy was broken by treatment with gibberellin (Fig. 4).
Average leaf weight per bulblet increased up to about eight weeks after planting, then 
the leaves gradually turned yellow and after 20 weeks all leaves had died in the cold-treated 
bulblets. Stimulation of leaf development indeed coincided with increased bulb growth. 
Gibberellin-treated bulblets grew poorly and also developed much less leaf tissue. The 
leaves turned brown faster than leaves of cold-treated bulblets. The relationship between 
bulb growth and leaf development is further substantiated by the observation that non- 
dormant, cold-treated bulblets grew more and formed more leaf weight than bulblets planted 
without a preceding low temperature treatment (Table 1). However, the relation between leaf 
weight and bulb growth was not absolute. Bulbs grew larger after a cold treatment of six 
weeks than of four weeks (P< 0.05, not shown) but the leaf weight per bulblet was similar 
(Fig. 4).
Table 1. Leaf fresh weight per bulblet 8 weeks after planting as affected by storage at low temperature 
(5 °C) before planting. Non-dormant bulblets were regenerated on scale segments in vitro during 12 
weeks at 15 °C.
Duration of low temperature treatment (weeks) Leaf fresh weight (mg) 8 weeks after planting
0 27.7 ± 4.1 (n = 15)
6 55.8 ± 5.7 (n = 17)
GA 
- v -  4 CT 
6 CT
Figure 4. Effect of low temperature and gibberellin on leaf weight after planting. Bulblets were 
regenerated from scale explants cultured in vitro for 9 weeks at 20 °C. Then, bulblets were excised from 
the explant, soaked 24 h in an aqueous solution of 3 mg l-1 gibberellins A4+7 (GA), or exposed to low 
temperature (5 °C) for four or six weeks (4CT and 6CT) and then planted. Each line is based on ca. 
50 bulblets.
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Combined effects of low temperature and gibberellin
The responses of the bulblets to the low temperature and to gibberellin suggest that 
dormancy breaking and stimulation of bulb growth are not necessarily coupled processes. 
To investigate this point in more detail, dormant bulblets (regenerated at 25 °C) were 
exposed to a combination of a cold treatment of suboptimal length followed by treatment 
with gibberellin (Table 2). Treatment with 3 mg l-1 gibberellin broke dormancy almost 
completely. Dormancy was also broken by a low temperature treatment for three weeks 
followed by treatment with 1.0 mg l-1 gibberellin, or by four weeks at the low temperature 
followed by treatment with 0.1 mg l-1 gibberellin. Three mg l-1 gibberellin was supra-optimal 
in combination with a three-week period at low temperature (Table 2). However, bulb growth 
after a suboptimal cold treatment followed by gibberellin treatment was the same as after the 
cold treatment alone in all combinations tested. The results indicate that the induction of 
sprouting by low temperature and by gibberellin are fully equivalent. This suggests that 
gibberellin may play a role in the natural process of dormancy breaking.
Table 2. Effect of cold treatment followed by gibberellin treatment on leaf emergence and bulb growth. 
About 30 bulblets were planted per treatment. Average dry weight per bulblet at planting was 26.5 ± 
3.3 mg. The percentage of sprouted bulblets and the dry weight of these bulblets was determined after 
20 weeks.
Weeks at 5°C GA (mg l'1) for 24 h Sprouted bulblets (%) Dry weight (mg) per bulblet
0 1.0 13.3 28.0 ± 0.5
3.0 80 29.3 ± 3.1
3 0 50 57.7 ± 8
1.0 93.3 72.3 ± 7.6
3.0 56.7 65.5 ± 9.7
4 0 62.1 88.1 ± 8.2
0.1 83.3 88.6 ± 8.5
Carbohydrate metabolism
The stimulating effect of a cold treatment on bulb growth may be due to mobilization 
of transportable sugars to be used for the development of the photosynthetic apparatus after 
planting. This was studied in bulblets in which dormancy had just been induced, after 
regeneration for 9 weeks at 20 °C. Breakdown of carbohydrate reserves was measured
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during dormancy breaking for six weeks (Fig. 5) and during dormancy breaking with 
gibberellin. Bulblets stored at 20 °C served as a control.
The carbohydrate composition mainly changed in the outer scales. Starch breakdown 
coincided with an increase in soluble sugars (sucrose, glucose, fructose and mannose). 
During storage at low temperature, more soluble sugars accumulated and more starch was 
broken down than during storage at 20 °C although starch breakdown was considerable at 
both temperatures. Before and during the low temperature storage, about 85% of the soluble 
sugars consisted of sucrose. No changes in the carbohydrate composition occurred during 
treatment with gibberellins.
T~ starch 5°C 
w~ starch 20°C 
• -  sol. 5°C 
sol. 20°C
Storage period (weeks)
Figure 5. Effect of storage at low temperature (5 °C) or room temperature (20 °C) on the starch content 
and the content of sugars soluble in 80% ethanol (sol.) in the outer scales of lily bulblets. Bulblets were 
regenerated from scale explants cultured in vitro for 9 weeks at 20 °C. Then, bulblets were harvested 
and stored at 5 °C or 20 °C for 6 weeks. Per datapoint, 25 bulblets were used.
The changes in carbohydrate composition were also followed after planting. Before 
planting, dormancy was broken with a low temperature treatment of either four or six weeks. 
In the first six weeks after planting, carbohydrates strongly decreased in the outer scales 
(Fig. 6a-b) whereas hardly any changes occurred in the middle scales (Fig. 6c-d). After 
about 12 weeks in soil, the outer scales were completely empty. The decrease in starch and 
soluble sugars was very similar in four- or six-weeks cold-treated bulblets.
A  major switch in carbohydrate metabolism occurred after six weeks in soil. No 
apparent changes occurred anymore in the outer scales. In the middle scales of cold-treated 
bulblets, on the other hand, carbohydrate content strongly increased and this increase was 
larger in bulblets that were cold-treated for six weeks than for four weeks. Thus, starch 
accumulation in the middle scales contributes significantly to the growth of the bulblets.
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4 CT
6 CT
Time after planting (weeks) Time after planting (weeks)
Figure 6. Effect of low temperature on starch content and the content of sugars soluble in 80% ethanol 
in the outer and middle parts of lily bulblets. Bulblets were regenerated from scale explants cultured in 
vitro for 9 weeks at 20 °C. Then, bulblets were excised from the explant and exposed to low 
temperature (5 °C) for 4 (4CT) or 6 (6CT) weeks. The bulblets were planted and harvested after various 
periods in soil. Starch (a, c) and soluble sugar content (b, d) were determined in the outer (a, b) and 
middle (c, d) scales.
Discussion
The development of dormant lily bulbs after regeneration in vitro proceeds in three 
phases: dormancy breaking at low temperature, leaf emergence and development of the 
photosynthetic apparatus, and finally growth of the bulb. Dormancy breaking leads to 
sprouting. After leaf emergence, subsequent growth of the bulb is preceded by a source to 
sink transition in the bulb.
The period of storage at low temperature affects the number of sprouting bulblets 
(dormancy breaking, Fig. 1) as well as the time it takes for the leaves to emerge after 
planting in soil (Fig. 2). The growth of the bulblets which starts approximately six weeks after 
planting, also depends on the duration of the period at low temperature (Fig. 3).
Several observations suggest that growth stimulation by the cold treatment and 
dormancy breaking are independent processes. First, the effect of low temperature on bulb 
growth is similar for dormant and non-dormant bulblets (Fig. 3). Secondly, the hormone
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gibberellin induces rapid emergence (Lin et al. 1975, Niimi et al. 1988, Langens-Gerrits et al. 
2001) but does not substitute for the effect of low temperature on growth (Table 2, Gerrits et 
al. 1992). This independence is comparable to observations in seeds in which mobilization 
and conversion of stored reserves are important during seedling growth but these processes 
are unrelated to germination per se (Bewley 1997, Pritchard et al. 2002).
However, the effects of low temperature on sprouting and later bulb growth are not 
completely independent. The length of the period at low temperature influences leaf 
emergence. A cold treatment of six weeks leads to an earlier appearance of the leaves than 
a treatment of three (Fig. 2) or four weeks (not shown). Late emergence delays the 
occurrence of the source to sink transition in the bulb and this, in turn, affects bulb weight 
after 16 weeks in soil. The effect is mirrored by the changes in carbohydrate metabolism 
after planting in soil (Fig. 6c-d). Although the differences are small, the trends are similar: 
accumulation of starch and soluble sugars in the middle scales proceeds faster after a cold 
period of six weeks than after one of four weeks.
During storage at low temperature carbohydrate reserves are mobilized by hydrolysis 
of starch which stimulates the development of the leaves (Fig. 4) and the photosynthetic 
apparatus. Presence at planting of soluble sugars such as sucrose, which is the most 
commonly translocated carbohydrate (Taiz and Zeiger 1998), after a period at low 
temperature coincided with good leaf development (Fig. 4), whereas after a short treatment 
with gibberellins, no mobilized carbohydrates were available at planting which likely 
contributed to poor leaf development. Starch breakdown at low temperatures is a 
phenomenon known as 'low temperature sweetening' (Sowokinos 1990) and also occurs in 
lily in nature (Stuart 1952, Miller and Langhans 1990). The carbohydrates mobilized during 
dormancy breaking likely serve as building blocks and energy source for the development of 
the leaves and the photosynthetic apparatus after planting. Also in seeds, mobilization of 
reserves is needed to sustain growth post germination (Bewley 1997).
Mobilization of carbohydrates during the low temperature may not only affect leaf 
development, but also leaf emergence. Leaf emergence depends on the length of the period 
at low temperature (Fig. 2b) and delayed leaf emergence after a partial low temperature 
treatment may be due to insufficient availability of sugars at planting. Only after some time in 
soil, during which starch breakdown continues (Fig. 6a), sufficient carbohydrates are 
available for emergence.
Directly after planting, starch breakdown proceeds (Fig. 6a), and after about six to 
eight weeks almost all carbohydrates have disappeared from the outer scales. The source to 
sink transition in the bulb, visible as deposition of starch in the middle scales (Fig. 6c), is
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preceded by the reverse process in the leaves. At that moment, the leaves are about 50% 
expanded (Fig. 4). This is well in line with the observation that the transition from sink to 
source is generally complete when the surface of the leaf is 30 to 60% of the final value 
(Turgeon 1973, 1989). Bulb growth is not fully related to the amount of leaf biomass formed. 
Bulblets that are stored at low temperature for six weeks grow faster than bulblets that are 
stored for four weeks, but leaf biomass formed after planting is similar (Fig. 4).
In lily bulbs, from which a stem and then flowers will develop, carbohydrate reserves 
are broken down directly after planting (Matsuo and Mizuno 1974, Miller and Langhans
1989) and reserves from the outer scales are used for growth and development of the 
aboveground organs. When the flower buds become visible, the outer scales are completely 
depleted (Wang and Breen 1987, Miller and Langhans 1989). After anthesis, the inner bulb 
scales are the main sink for assimilates (Wang and Breen 1987). Carbohydrate metabolism 
in the bulblets regenerated in vitro follows a similar pattern and is therefore a good model for 
development in nature.
In conclusion, low temperature during dormancy not only stimulates sprouting 
(dormancy breaking) but also accelerates bulb growth after planting. The stimulating effect 
of low temperature on bulb growth is presumably due to rapid mobilization of carbohydrate 
reserves needed to sustain subsequent leaf development, and also to shortening of the time 
before emergence. After the optimal low temperature storage for bulb growth (Fig. 3), about 
60% of the starch in the outer scales is broken down (Fig. 5), almost all bulblets sprout and 
emergence is rapid and uniform (Fig. 2). Possibly, after a longer cold treatment, more starch 
is broken down, but negative effects of the cold start to dominate (Fig. 3), apparently 
because sprouting and emergence cannot be stimulated any further.
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General discussion
Flower bulbs, such as lily, are very characteristic for the Netherlands and, 
understandably, lily breeding predominantly occurs in the Netherlands. For rapid introduction 
of newly bred cultivars on the market, fast propagation methods are essential. In vitro 
propagation, whereby bulblets regenerate from bulb scale segments cultured under sterile 
conditions on a nutrient medium, is an indispensable tool to reduce the number of years 
between the actual breeding and the introduction of a new cultivar on the market, from about 
15 to 7-8 years. The use of micropropagation is limited to the very first propagation cycles in 
a breeding program due to the high costs of the in vitro propagation.
For successful micropropagation, high propagation rates are essential and research 
has mainly focused on improvement of this rate in the past. However, tissue culture also 
offers excellent opportunities to increase the quality of plant material. High quality virus-free 
plants that are used as starting material for conventional propagation programs, can be 
produced through tissue culture. In addition, the physiological quality of plants can be 
improved and plants with an increased capacity for growth after transfer to soil can be 
produced. Thus, in vitro, bulblets may be prepared for fast development after planting in soil. 
Only sufficiently large bulbs will form high-quality flowers. From an economic point of view, 
the number of growth cycles needed to obtain flowering-size bulbs should be as low as 
possible. The preparation of plants in vitro for optimal growth after planting has hardly been 
studied.
The research presented in this thesis has focused on this aspect and particularly on 
rapid growth after the in vitro phase and rapid maturation during in vitro development. 
Factors determining rapid growth after the in vitro phase are bulb size, the developmental 
state of a bulblet (juvenile or adult) and the dormancy status. Large bulblets grow faster after 
planting than small ones and adult (mature) bulblets grow faster after planting than juvenile 
ones caused by a larger photosynthesizing leaf area. Dormancy interrupts bulb growth after 
planting. During dormancy breaking sprouting is induced and further bulb growth after 
planting is prepared.
Bulb growth
Main factors determining the size of the regenerating bulblets proved to be explant 
size and sucrose concentration in the medium. On a large explant, large bulblets regenerate 
and bulb growth is stimulated by high sucrose concentration in the medium. The two factors 
act partially independently, as the effect of sucrose concentration on bulblet growth is similar
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in large and small explants. There is also interaction between the two factors, as bulblets 
developing on large explants use more of the explant reserves for growth than those 
developing on small explants. Therefore, a larger part of bulb dry weight can be attributed to 
uptake of sucrose from the medium on small than on large explants. Sucrose taken up from 
the medium is mainly stored in the explant; a smaller percentage is used for bulb growth. 
Thus, the explant not only stimulates bulb growth but also has a negative effect as it forms a 
barrier for transport of sucrose to the bulblets.
From a horticultural point of view, it is advisable to culture lily bulblets on a high 
sucrose concentration in vitro before transfer to soil, as large bulblets grow faster than small 
ones obtained from media with less sucrose.
Maturation/ phase change
The vegetative phase change that leads to the transition from juvenile to adult bulbs 
and that occurs in lily after up to two growing seasons under natural conditions, could be 
modeled in a tissue culture system. The transition could be induced after a regeneration 
period of 6 to 12 weeks and the transformation to the adult phase took less than four weeks. 
The two main factors involved in the switch from the juvenile to the adult state are 
temperature and bulb size. Initial culture at high temperature (25 °C) is necessary for the 
bulbs to become competent to respond to the signal. Subsequently, the inductive signal 
causes the switch to a new developmental state. The signal for the transition to the adult 
phase is a reduced temperature (15 °C). A culture period at low temperature in the last 
phase in vitro is generally not applied in commercial propagation.
The competence to undergo the phase change was found to correlate with bulb size. 
Factors stimulating bulb growth, such as sucrose concentration and explant size, indirectly 
also stimulate phase transition. In general, larger bulbs are more competent to form a stem 
than smaller ones but the exact relationship is also determined by environmental conditions. 
This becomes clear when the competence for stem formation is compared in differently 
treated bulblets of equal weight. On standard medium, bulblets over 800-900 mg almost 
always form a stem under inductive conditions. In even larger bulbs (1-1.5 g fresh weight, 
D. van Kleinwee, personal communication), no inductive treatment is required anymore. In 
bulblets of the intermediate weight class (100-800 mg), the competence to form a stem 
increases with size and the phase change is induced by a temperature shift.
This range changes considerably when the concentration of minerals in the medium 
is modified. Murashige and Skoog-minerals stimulate bulb growth but do not seem to affect
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the rate of development. As a consequence, the percentage of adult bulblets increases in 
the lower weight categories when the concentration of minerals is reduced. One of the 
mineral elements limiting bulb growth may be phosphorus, as rapid growth coincides with a 
high phosphorus content in the bulblets. It is desirable to compose a nutrient medium that 
not only stimulates growth but also maturation. Possibly, this is feasible by adaptation of the 
mineral composition of the medium. Other modifying factors, with a less dramatic effect, are 
explant size and sucrose concentration.
Dormancy development
The factors controlling dormancy development are largely the same for various lily 
genotypes. Temperature is the main factor for dormancy development and breaking. High 
temperature is essential for dormancy development and low temperature for dormancy 
breaking. An internal factor involved is abscisic acid and the study of several genotypes 
clarified the role of this growth regulator in more detail. Abscisic acid deepens the level of 
dormancy induced by temperature, but has no effect under non-inductive temperature 
conditions. When abscisic acid synthesis is blocked, no dormancy develops. This indicates 
that abscisic acid is necessary but not sufficient for dormancy induction. The reaction of the 
genotypes to temperature in vitro reflects their adaptation to climate conditions in the area of 
origin and this is also the case for dormancy breaking. Thus, knowledge about the area of 
origin of lily genotypes makes it possible to predict dormancy development during 
propagation in vitro and to estimate the temperature requirement for dormancy breaking.
Dormancy breaking
Further development of lily bulbs after dormancy induction during regeneration in 
vitro proceeds in three phases: dormancy breaking at low temperature, leaf emergence and 
development of the photosynthetic apparatus, and finally growth of the bulb. Dormancy 
breaking leads to sprouting. After leaf emergence and the start of photosynthesis, 
subsequent growth of the bulb is preceded by a source to sink transition in the bulb.
Several observations suggest that during the period of the cold treatment two 
independent processes occur, dormancy breaking and preparation for growth. First, the 
effect of low temperature on bulb growth is similar in dormant and non-dormant bulblets. 
Secondly, the hormone gibberellin induces rapid emergence but does not prepare for 
subsequent growth. During storage at low temperature, carbohydrate reserves are mobilized 
by hydrolysis of starch and these mobilized reserves likely serve as building blocks and 
energy source for the development of the leaves after planting. Furthermore, the time it
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takes the leaf to emerge also depends on the low temperature treatment. Delayed leaf 
emergence may be due to insufficient availability of sugars. Thus, the period at low 
temperature prepares for later bulb growth presumably by the mobilization of reserves to 
sustain subsequent leaf development. The fact that a short gibberellin treatment induces 
sprouting but not growth, may be due to lack of mobilization of carbohydrate reserves during 
the short hormone treatment. From a horticultural point of view, this means that the desired 
shortening of the dormancy breaking treatment is only possible if the treatment not only 
induces sprouting but also prepares the bulblet for further growth.
In conclusion, regeneration of lily bulblets on scale segments in vitro proved an 
excellent model system to study complicated developmental processes such as dormancy 
development and phase change and their relation to growth. Reduction of the propagation 
phase is possible and there are several possibilities to influence growth and development of 
lily bulblets during regeneration in vitro and after planting. Application of the knowledge 
gained in commercial propagation protocols may shorten the period needed for introduction 
of a newly bred cultivar in the market.
Temperature is a major factor with which maturation (phase transition), dormancy 
development and dormancy breaking can be influenced. Nutritional factors such as sucrose 
and the explant are important factors influencing bulb growth, maturation and dormancy 
development.. Especially the role of the explant forms an interesting subject for further 
research as the explant stimulates both growth and development (maturation). Knowledge 
about the mechanism(s) responsible for the stimulation could improve lily propagation 
considerably.
There are several indications that the nutrient medium based on Murashige and 
Skoog-minerals that is generally used, is not optimal. The large stimulating effect of the 
explant suggests that one or several compounds that stimulate bulb growth and maturation 
cannot be synthesized from medium compounds in sufficient amounts. One can only 
speculate about the nature of these compounds and possibly, easier access to the reserves 
in the explant tissue than to medium components may also play a role. More knowledge 
about the cause of the beneficial influence of the explant could lead to the elaboration of an 
improved nutrient medium. It may be possible to stimulate bulb growth and development 
(stem formation) by changing the mineral composition of the medium. For optimization of 
dormancy breaking it is essential to find a treatment that induces sprouting and also 
prepares the bulblets for further growth.
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Samenvatting
Bloembollen zijn zeer kenmerkend voor Nederland. Ongeveer 75% van de totale 
wereldproduktie vindt plaats in Nederland en de exportwaarde bedraagt ongeveer 
650 miljoen Euro. Lelie is een van de belangrijkste bolgewassen en het ligt dus voor de 
hand dat lelieveredeling voornamelijk plaatsvindt in Nederland. Snelle 
vermeerderingsmethoden zijn essentieel om nieuwe veredelingsprodukten snel op de markt 
te kunnen introduceren. Weefselkweek (in vitro vermeerdering), waarbij nieuwe bolletjes 
worden opgekweekt op een stukje bolschub (explantaat) onder steriele condities op een 
voedingsbodem, is een onmisbaar hulpmiddel om het aantal jaren tussen het 
daadwerkelijke veredelen en introductie van een nieuw ras op de markt te verkorten van 15 
tot 7-8 jaar. Weefselkweek wordt alleen in de eerste vermeerderingsstappen van een 
veredelingsprogramma gebruikt vanwege de hoge kosten die eraan verbonden zijn.
Voor succesvolle weefselkweek zijn hoge vermeerderingsfactoren essentieel en het 
onderzoek heeft zich in het verleden voornamelijk gericht op het verhogen van die factoren. 
Weefselkweek biedt echter ook bijzonder goede mogelijkheden om de kwaliteit van 
plantmateriaal te verhogen. Kwalitatief hoogwaardige virusvrije planten die gebruikt worden 
als uitgangsmateriaal voor conventionele vermeerdering, worden geproduceerd met behulp 
van weefselkweek. Verder kan in vitro de kwaliteit van planten worden verbeterd en kunnen 
planten worden geproduceerd met een verbeterde groeicapaciteit na uitplanten. Bolletjes 
kunnen dus tijdens de weefselkweekfase worden voorbereid voor snelle groei en 
ontwikkeling na uitplanten in grond. Alleen bolletjes die voldoende groot zijn vormen 
bloemen van hoge kwaliteit. Vanuit een economisch standpunt moet het aantal groeicycli 
dat nodig is om voldoende grote bollen te verkrijgen, zo laag mogelijk zijn. De 
mogelijkheden om planten tijdens de weefselkweekfase voor te bereiden voor optimale groei 
na uitplanten zijn nauwelijks bestudeerd. Het onderzoek in dit proefschrift is gericht op de 
mogelijkheden om bolletjes tijdens hun groei en ontwikkeling in vitro te 'programmeren' voor 
optimale groei na uitplanten.
De groei van een bolletje na de weefselkweekperiode hangt voornamelijk af van het 
bolgewicht, de rijpheid (wel of niet volwassen) en het rustniveau. Grote bolletjes groeien 
sneller na uitplanten dan kleine bolletjes. Ook kunnen snel groeiende bolletjes eerder voor 
een volgende vermeerderings-cyclus in vitro worden gebruikt dan langzaam groeiende
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bolletjes. Tijdens de weefselkweek kunnen bolletjes rijpen en volwassen (adult) worden. 
Rijping is noodzakelijk voor bloei en er zijn minder cycli na uitplanten nodig om bloei te 
verkrijgen als adulte bolletjes worden uitgeplant in plaats van niet-rijpe (juveniele) bolletjes. 
De omslag van juveniel naar adult wordt in belangrijke mate bepaald door de grootte van 
een bolletje. Alleen in bolletjes die zwaarder zijn dan een bepaald drempelgewicht kan de 
omslag plaatsvinden. Om adulte bolletjes te kunnen produceren is het dus van belang om te 
weten welke factoren bolgroei in vitro bepalen. Een ander voordeel van adulte bolletjes is 
hun grotere groeikracht. Juveniele bolletjes spruiten na uitplanten met één of een paar 
blaadjes, vergelijkbaar met een rozetplant. Adulte bolletjes daarentegen, spruiten met een 
stengel met veel bladeren. Ze hebben daardoor een groter fotosynthetiserend oppervlak en 
groeien sneller na uitplanten dan juveniele bolletjes.
Tijdens de weefselkweekfase ontwikkelen bolletjes rust. Planten ontwikkelen rust om 
periodes die ongunstig zijn voor groei, zoals koude winters of droge zomers, te 
overbruggen. Bij een bloembol die in rust is, staat de groei vanuit de buitenkant gezien stil. 
Inwendig kunnen echter allerlei ontwikkelingsprocessen plaatsvinden zoals bloemvorming of 
aanleg van wortels. Rust verdwijnt bij lelie na een koudebehandeling van een aantal weken, 
de bolletjes komen vervolgens na uitplanten snel en uniform op. Rustontwikkeling in vitro is 
aan de ene kant een nadeel omdat bolletjes die in rust zijn niet spruiten na uitplanten terwijl 
snelle opkomst en doorgroei ju ist gewenst zijn. Aan de andere kant is ontwikkeling van 
enige rust tijdens de weefselkweek gewenst om vroegtijdig spruiten in de buis te 
voorkomen. Als bekend zou zijn hoe rustontwikkeling gereguleerd is, zouden 
vermeerderingsprotocollen kunnen worden opgesteld waarmee het mogelijk is om op 
verschillende momenten tijdens de vermeerdering het gewenste rustniveau te induceren.
Groei na uitplanten wordt ook beïnvloed door de rustbrekingsbehandeling. Een korte 
rustbrekingsbehandeling is wenselijk omdat daardoor een langer eerste groeiseizoen 
beschikbaar blijft. Rust kan bij lelie ook worden gebroken met een korte 
hormoonbehandeling met gibberellinen. Na een dergelijke behandeling komen de bolletjes 
wel snel op maar verdere bolgroei blijft achterwege. Het gevormde blad blijft klein en smal. 
Rustbreking moet leiden tot snelle en uniforme opkomst gevolgd door vorming van goed­
functionerend blad. De relatie tussen rustbreking en groei na uitplanten is niet uitgebreid 
onderzocht.
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In dit proefschrift zijn de mogelijkheden onderzocht om grote, adulte bolletjes te 
produceren in vitro die snel en uniform opkomen na uitplanten en die snel in grootte 
toenemen zodat in zo min mogelijk cycli bloemen van hoge kwaliteit gevormd worden. Elk 
hoofdstuk is gewijd aan één van de factoren die groei en ontwikkeling na uitplanten in 
belangrijke mate bepalen: bolgrootte, rijping, rustontwikkeling en rustbreking.
Bolgroei
Voor bolgroei zijn voedingsstoffen nodig en er is onderzocht welke bijdrage de twee 
beschikbare voedingsbronnen in vitro, het explantaat en het medium, leveren aan de groei 
van een leliebolletje. Het explantaat is een stukje bolschub; de bolschubben bevatten 
reservestoffen (voornamelijk koolhydraten) die onder natuurlijke omstandigheden worden 
gebruikt voor de groei van de plant. Bolgroei wordt voornamelijk bepaald door de grootte 
van het explantaat en de sucrose concentratie in het medium. Op een groot explantaat 
ontstaan grote bolletjes en bolgroei wordt gestimuleerd door hoge sucroseconcentraties. De 
twee factoren hebben onafhankelijk van elkaar een effect; het effect van sucrose op bolgroei 
is hetzelfde bij grote en kleine explantaten. Er is ook een interactie tussen beide factoren: op 
grote explantaten gebruiken de bolletjes meer explantaatreserves voor hun groei dan op 
kleine explantaten. Dus, op een groot explantaat bestaan de bolletjes voor een groter deel 
uit explantaatreserves dan op een klein explantaat. Met behulp van gelabelde sucrose is 
onderzocht hoeveel sucrose wordt opgenomen uit het medium en hoe de sucrose verdeeld 
wordt over explantaat, bolletjes, blad en wortels. De sucrose die opgenomen wordt uit het 
medium wordt voornamelijk opgeslagen in het explantaat, een kleiner percentage wordt 
gebruikt voor bolgroei. Aan de ene kant stimuleert het explantaat dus de bolgroei maar aan 
de andere kant vormt het een barrière voor opname van sucrose uit het medium.
Voor commerciële vermeerdering is het aan te raden om bolletjes op te kweken op 
een hoge sucroseconcentratie voor uitplanten in grond omdat grote bolletjes sneller groeien 
dan kleine bolletjes afkomstig van media met weinig sucrose.
Faseverandering
Een bolletje dat de faseverandering van juveniel naar adult heeft ondergaan, is te 
herkennen aan de vorming van een stengeltje na uitplanten. Onder natuurlijke 
omstandigheden duurt het 1-2 groeiseizoenen voor de faseverandering plaatsvindt. In
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weefselkweek kon die periode worden teruggebracht tot een paar maanden. De 
faseverandering kon worden geïnduceerd na een regeneratieperiode van 6-12 weken en de 
daadwerkelijke omslag kostte vervolgens minder dan 4 weken. Temperatuur en bolgrootte 
zijn de belangrijkste factoren die de faseverandering reguleren. Eerst moeten de bolletjes bij 
hoge temperatuur (25°C) worden opgekweekt om competent te worden. Alleen competente 
bolletjes kunnen reageren op een inducerend signaal dat de omslag naar een nieuw 
ontwikkelingsprogramma veroorzaakt. Het signaal voor de overgang naar de adulte fase is 
een lagere temperatuur (15°C). Een kweekperiode bij lagere temperatuur om 
stengelvorming te induceren wordt over het algemeen niet toegepast bij commerciële 
weefselkweek.
Competentie om faseverandering te ondergaan bleek gecorreleerd met het 
bolgewicht. Factoren die de bolgroei stimuleren, stimuleren indirect ook faseverandering. 
Over het algemeen vormen grote bolletjes vaker een stengeltje dan kleine bolletjes maar de 
precieze relatie tussen bolgrootte en faseverandering wordt ook beïnvloed door de 
kweekcondities. Dat wordt duidelijk als stengelvorming wordt vergeleken in bolletjes van 
hetzelfde gewicht, die zijn opgekweekt onder verschillende omstandigheden. Onder 
standaard kweekcondities vormen bolletjes tussen 800 -  900 mg bijna altijd een stengeltje 
na een inducerende behandeling. Zwaardere bolletjes vormen altijd een stengeltje en 
hebben geen inducerende behandeling nodig. In bolletjes die lichter zijn dan 100 mg is 
vrijwel nooit stengelvorming waargenomen en bij bolletjes van 100- 800 mg neemt 
stengelvorming toe met het gewicht en wordt de faseverandering geïnduceerd door de 
temperatuurverlaging. Die verdeling verschuift als de concentratie mineralen in het medium 
wordt gevarieerd. Murashige and Skoog-mineralen stimuleren de bolgroei maar hebben 
geen effect op de ontwikkelingssnelheid van een bolletje. Daardoor neemt het percentage 
adulte bolletjes toe in bolletjes van de lagere gewichtsklassen bij kweek op medium met een 
lage concentratie Murashige en Skoog mineralen. Fosfor zou een rol kunnen spelen bij de 
verminderde bolgroei omdat snel groeiende bolletjes een hoog fosforgehalte hebben. Het is 
wenselijk dat bolgroei en ook de ontwikkeling optimaal verlopen op een bepaald 
voedingsmedium. Wellicht is dat haalbaar door de minerale samenstelling van het medium 
te veranderen. Ook de explantaatgrootte en de sucroseconcentratie hadden invloed op de 
relatie tussen bolgewicht en faseverandering, maar niet zo dramatisch als de mineralen.
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Rustontwikkeling
In eerder onderzoek zijn de belangrijkste factoren voor rustontwikkeling bij Lilium 
speciosum  bepaald. We hebben onderzocht of die factoren ook de rustontwikkeling bepalen 
bij andere lelie-genotypen. Daarvoor zijn rassen gebruikt die representatief zijn voor de 
verschillende groepen die in Nederland worden geteeld: L. x  ‘ Star Gazer', een oriental 
hybride, L.x ‘Connecticut King', een aziatische hybride en L. longiflorum  ‘Snow Queen'. De 
effecten van temperatuur, tijd en het hormoon absciscinezuur op rustontwikkeling zijn 
onderzocht en ook het effect van lage temperatuur en gibberellinen op rustbreking. De 
factoren die rustontwikkeling controleren bleken grotendeels hetzelfde voor de verschillende 
genotypen. Temperatuur is de belangrijkste factor voor rustontwikkeling en -  breking. Hoge 
temperatuur is van belang voor rustontwikkeling en lage temperatuur voor rustbreking. Door 
het bestuderen van verschillende genotypen kon de rol van het hormoon absciscinezuur 
verder worden opgehelderd. Absciscinezuur zorgt voor een diepere rust als die eenmaal is 
geïnduceerd door de benodigde temperatuur maar het hormoon heeft geen effect bij niet- 
inducerende temperaturen. Als er geen absciscinezuur gesynthetiseerd kan worden, 
ontwikkelt zich geen rust. Dat betekent dat absciscinezuur nodig is voor rustontwikkeling 
maar op zichzelf niet voldoende is. De reactie van de verschillende genotypen op 
temperatuur weerspiegelde hun aanpassing aan de klimaatcondities in hun gebied van 
oorsprong. Kennis over de herkomst van een leliegenotype maakt het dus mogelijk om een 
voorspelling te doen over de rustontwikkeling in vitro en een inschatting te maken van de 
koudebehoefte voor rustbreking.
Rustbreking
Als rustontwikkeling heeft plaatsgevonden, gaat de verdere ontwikkeling in drie 
fasen: rustbreking bij lage temperatuur, opkomst en groei van het blad en tot slot groei van 
de bol. Rustbreking leidt tot opkomst. Na opkomst van het blad en de start van de 
fotosynthese, wordt bolgroei voorafgegaan door een omslag van source naar sink in de bol.
Verschillende waarnemingen geven aan dat tijdens de koudebehandeling twee 
onafhankelijke processen plaatsvinden, rustbreking en voorbereiding op verdere groei. Het 
effect van lage temperatuur op groei na uitplanten is namelijk hetzelfde voor bolletjes die wel 
of niet in rust zijn. Verder veroorzaakt behandeling met het hormoon gibberelline wel snelle 
opkomst maar er vindt geen verdere groei van de bol plaats. Tijdens de bewaring bij lage
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temperatuur worden suikerreserves gemobiliseerd vanuit vooral zetmeel en de 
gemobiliseerde suikers dienen als bouwsteen en energiebron voor de ontwikkeling van het 
blad na uitplanten. Ook de tijd die nodig is tot opkomst van het blad hangt af van de 
koudebehandeling. Tijdens de bewaring bij lage temperatuur wordt verdere groei 
waarschijnlijk voorbereid door mobilisatie van reserves. Vertraagde bladopkomst zou te 
wijten kunnen zijn aan onvoldoende beschikbaarheid van suikers. Het achterwege blijven 
van groei na een gibberellinebehandeling zou goed veroorzaakt kunnen worden door een 
tekort aan mobilisatie van reserves tijdens de korte behandeling. Dit betekent dat verkorting 
van de rustbrekingsbehandeling in de commerciële vermeerdering alleen mogelijk is als de 
behandeling snelle opkomst induceert en tegelijkertijd een voorbereiding is voor verdere 
bolgroei.
Regeneratie van leliebolletjes op bolschubsegmenten is een uitstekend 
modelsysteem gebleken om ingewikkelde ontwikkelingsprocessen zoals rustontwikkeling en 
faseverandering en hun relatie tot bolgroei te bestuderen. Verkorten van de 
vermeerderingsfase is mogelijk en er zijn verschillende mogelijkheden om groei en 
ontwikkeling van leliebolletjes tijdens de weefselkweekfase en na uitplanten te sturen. 
Toepassing van deze kennis in commerciële protocollen kan de tijd die nodig is voor 
introductie van een nieuwe cultivar op de markt verkorten.
Temperatuur is een sleutelfactor waarmee rijping (faseverandering), rustontwikkeling 
en rustbreking kunnen worden beïnvloed. Voedingsfactoren zoals sucrose en het explantaat 
zijn belangrijke factoren die bolgroie, rijping en rustontwikkeling beïnvloeden. Vooral de rol 
van het explantaat vormt een interessant onderwerp voor verdere studie omdat het 
explantaat zowel de groei als de ontwikkeling (rijping) stimuleert. Kennis over de 
mechanismen die verantwoordelijk zijn voor de stimulering zou lelievermeerdering 
aanzienlijk kunnen verbeteren.
Er zijn verschillende aanwijzingen dat het voedingsmedium gebaseerd op Murashige 
en Skoog-mineralen, dat algemeen gebruikt wordt, niet optimaal is. Het grote stimulerende 
effect van het explantaat suggereert dat een of meerdere componenten die bolgroei en 
rijping stimuleren onvoldoende gesynthetiseerd kunnen worden uit het voedingsmedium. Er 
kan alleen gespeculeerd worden over de aard van de stimulerende factor. Betere 
toegankelijkheid tot de reserves in het explantaat zou ook een rol kunnen spelen. Met meer 
kennis over de stimulerende factor(en) in het explantaat zou een verbeterd voedingsmedium
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kunnen worden samengesteld. Wellicht is het mogelijk om groei en ontwikkeling te 
stimuleren door aanpassing van de minerale samenstelling van het medium. Om de 
rustbrekingsbehandeling te optimaliseren is het essentieel om een behandeling te vinden 
die niet alleen snelle opkomst stimuleert maar die ook verdere bolgroei voorbereidt.
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Op deze plaats wil ik iedereen die op een of andere manier, wetenschappelijk, 
vriendschappelijk, behulpzaam of belangstellend, heeft bijgedragen aan de totstandkoming 
van dit proefschrift bedanken. Een aantal in het bijzonder:
Allereerst de directie van het voormalig Laboratorium voor Bloembollenonderzoek 
(thans Praktijkonderzoek Plant en Omgeving, Sector Bloembollen) die mij de gelegenheid 
bood promotieonderzoek te doen. Voorwaarde was dat het onderzoek een 
toepassingsgericht karakter zou hebben. De combinatie van wetenschappelijke verdieping 
en een antwoord vinden op praktijkgerichte vragen heeft me steeds geboeid.
Bijzondere dank natuurlijk aan mijn begeleiders Ton Croes en Geert-Jan de Klerk die 
beiden jarenlang met grote betrokkenheid en enthousiasme mee hebben gedacht over het 
onderzoek. De twee-maandelijkse bijeenkomsten in Lisse waren steeds zeer inspirerend en 
motiverend. Ik heb veel van jullie geleerd over het doen van goed onderzoek en de kunst 
van het schrijven van wetenschappelijke artikelen.
Dan de technisch onderzoekers Anne-Marie Kuijpers en Ilse Brouwer die met veel 
inzet betrokken zijn geweest bij een groot aantal proeven, Shigeru Nashimoto die als 
gastmedewerker hard heeft gewerkt aan de proeven in hoofdstuk 4, de stagiaires Vincent 
Thomas en Jason Mariyappan die onvermoeibaar lelies hebben ingezet en technisch 
onderzoeker Jos Heldens die toen ik net zwanger was, hulp bood bij het laatste experiment 
met radioactiviteit.
Thanks also to Bill Miller, Anil Ranwala and Beth Hardin (Clemson University, 
Clemson SC, USA) whom I visited for two months in 1995. Their expertise was of great help 
in the quest for methods to quantify the various carbohydrate fractions in lily bulb tissue. 
Time was short, but we succeeded.
Dank ook aan Herman Meekes en Jan Derks voor hun hulp bij het histologische werk 
en Jelle Eygensteyn voor de hulp bij de elementenanalyse in hoofdstuk 3.
Tot slot dank aan Titti Mariani voor het kritisch lezen van de manuscripten en je 
enthousiaste steun bij de laatste loodjes. De ontvangst in Nijmegen was altijd bijzonder 
hartelijk.
En nu: genieten.
Het is volbracht.
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